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Summary 
 
 
Oscillations are present at many different levels of biological organization. The cell cycle that directs 
the division of individual cells, the regular depolarization of neurons in the sinu-atrial node which 
underlies the regular beating of the heart, the circadian rhythms that govern the daily activity cycles of 
virtually all organisms, and the clocks that make entire populations of fireflies flash on and off in 
unison feature as prominent examples of biological clocks. During development, biological clocks 
regulate the patterning of growing tissues, as is the case in vertebrate somitogenesis, and potentially 
also in vertebrate limb outgrowth and axial segmentation of invertebrate embryos. 
 
During vertebrate segmentation, the embryonic axis is subdivided along its anterior-posterior axis into 
epithelial spheres of cells called somites. This rhythmic process is thought to be driven by a multi-
cellular oscillatory gene network, the so-called segmentation clock. Oscillations of hairy and enhancer 
of split gene products have been proposed to constitute the core clockwork in individual cells, and 
these oscillators are coupled to each other by Delta-Notch intercellular signaling. The interaction of the 
segmentation clock with a posteriorly-moving arrest wavefront then translates the temporal information 
encoded by the clock into a spatial pattern of segments. In the framework of this Clock and Wavefront 
model, segment length is determined by both clock period and arrest wavefront velocity. 
 
How the period of the segmentation clock is regulated is presently unknown, and understanding the 
mechanism of period setting might yield insight into the nature and function of the segmentation clock. 
In this study, two different but complementary approaches were pursued to investigate how period is 
regulated in the zebrafish segmentation clock. 
 
First, it has been reported that zebrafish mind bomb (mib) mutant embryos form somites more slowly 
than their wt siblings, suggesting that Mib might be implicated in period setting. Mib is an E3 ubiquitin 
ligase required for ubiquitination and endocytosis of the Notch ligand Delta, and Notch signaling is 
impaired in mutants with defective Mib. It has been suggested that the mechanistic basis for the 
requirement of Delta endocytosis in Notch signaling is a need for Delta to enter a particular endocytic 
compartment, potentially a recycling endosome, in a ubiquitin-dependent manner, where its signaling 
ability might be established or amplified by an as yet unknown posttranslational modification. In the 
present study, Delta trafficking through the endocytic pathway was analyzed in the PSM of wt and mib 
embryos through colocalization studies with endocytic markers. The rationale of this approach was that 
if Delta gained access to a particular endocytic compartment through Mib-dependent endocytosis, the 
presence of Delta in this compartment would be expected to be reduced in mutants with defective Mib, 
thereby revealing the compartment’s identity. However, no qualitative changes in colocalization with 
different endocytic markers could be detected in mib mutants, and the methods available did not allow 
for quantification of colocalization in wt or mutant backgrounds. However, Delta colocalized with 
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markers of recycling endosomes, consistent with the hypothesis that these are functionally important in 
Notch signaling. More refined techniques will be necessary for a quantitative analysis of normal as 
compared to impaired Delta trafficking. 
 
A genetic approach to period regulation proved to be successful for the Drosophila circadian clock, 
where the identification of period mutants advanced the understanding of the clock’s genetic circuitry. 
This motivated a screen for period mutants of the segmentation clock, which was carried out by 
measuring somitogenesis period, segment length and arrest wavefront velocity in a pool of candidate 
mutants. A subset of Delta-Notch mutants, and embryos treated with a small-molecule inhibitor that 
impairs Notch signaling, displayed correlated increases in somitogenesis period and segment length, 
while there was no detectable change in arrest wavefront velocity. Combined, these findings suggested 
that segmentation clock period is increased in experimental conditions with impaired Delta-Notch 
signaling. Using a theoretical description of the segmentation clock as an array of coupled phase 
oscillators, the delay in the coupling and the autonomous frequency of individual cells were estimated 
from the direction and magnitude of the period changes. The mutants presented here are the first 
candidates for segmentation clock period mutants in any vertebrate. The nature of the molecular lesions 
in these mutants, all of which affect genes implicated in intercellular Delta-Notch signaling, suggests 
that communication between oscillating PSM cells is a key factor responsible for setting the period of 
the segmentation clock.  
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Introduction 
 
Oscillations are present at many different levels of biological organization. The cell cycle that directs 
the division of individual cells, the regular depolarization of neurons in the sinu-atrial node which 
underlies the regular beating of the heart, the circadian rhythms that govern the daily activity cycles of 
virtually all organisms, and the clocks that make entire populations of fireflies flash on and off in 
unison feature as prominent examples of biological clocks (Strogatz, 2003). Biological oscillations 
occur on timescales ranging from milliseconds to years, and serve to control a multitude of functions in 
the physiology of cells, tissues, organisms, and even whole populations of individuals.  
 
The importance of oscillations in development has only recently come to be appreciated, and particular 
attention has been lent to developmental processes where embryos have to accomplish the task of 
patterning a growing tissue. The periodic and sequential segmentation of the vertebrate embryo along 
its anterior-posterior (AP) axis into blocks of cells called somites is thought to be driven by a 
segmentation clock (Cooke and Zeeman, 1976; Palmeirim et al., 1997). Biological clocks in 
development may also be implicated in invertebrate segmentation (Damen, 2007), and in patterning of 
the chick limb (Pascoal et al., 2007). How the oscillations of the segmentation clock are generated in 
the pre-somitic mesoderm (PSM) of vertebrates, how clock period and amplitude are regulated, and 
how the temporal information encoded by the clock is then translated into a regular segmental pattern 
are still open questions.  
 
 Segmentation in vertebrates 
 
The following sections aim at giving an overview of the progress that has been made towards 
understanding vertebrate segmentation. First, the morphogenetic processes involved in somitogenesis 
are briefly reviewed to provide an embryological context for the present study. Somite boundaries are 
positioned by the interaction of a segmentation clock with a posteriorly-moving arrest wavefront. The 
molecular organization of the segmentation clock in different vertebrates is discussed, followed by a 
brief account on what is thought to be the molecular basis of arrest wavefront movement. Furthermore, 
different models developed to explain the molecular or cellular mechanisms of somitogenesis are 
briefly reviewed. 
 
The embryology of vertebrate segmentation 
 
The Italian physician Marcello Malpighi was the first to observe somites more than 300 years ago in 
chick embryos, and the principles guiding their formation have since been the subject of intense 
research. Somitogenesis establishes the metameric organization of the vertebrate trunk and tail along its 
AP axis. The segmental structures of the somites provide the blueprint for the metameric arrangement 
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of structures such as the peripheral spinal nerves, vertebrae, axial muscles and early blood vessels. 
Somites form rhythmically from the PSM with a species-specific period, ranging from 25 min in 
zebrafish, 90 min in chicken and 120 min in mouse to 4-5 h in humans (Sadler, 2000). Somites form in 
pairs on both sides of the embryonic midline in an AP sequence. Somite number is tightly constrained 
for each species (Richardson et al., 1998), but varies widely between different species. Zebrafish have 
30-32 somites (Hanneman and Westerfield, 1989), whereas chick and mouse embryos develop 55 and 
65, respectively (Gomez et al., 2008). Somites derive from paraxial mesoderm in amniotes, and from 
dorsal mesoderm in fish. In all vertebrates, the position of the otic vesicle marks the anterior border of 
the somitic mesoderm, which runs posteriorly on both sides of the neural tube and notochord to the 
caudal tip of the embryo. Somitogenesis defects can lead to malformations of the vertebral column in 
fish and mice and to congenital birth defects in humans (Bulman et al., 2000; Sparrow et al., 2006; 
Turnpenny et al., 2007; Whittock et al., 2004).  
 
Somitogenesis occurs in different phases (reviewed in (Gossler and Hrabe de Angelis, 1998). First, a 
segmentation clock interacts with a wavefront of cell maturation to establish a segmental pre-pattern 
that manifests as stripes of segment polarity gene expression in the anterior PSM (Fig. 1A). Mesoderm 
posterior (Mesp), Delta/Notch and T-box (Tbx) genes are required for establishment and maintenance 
of rostro-caudal compartmentalization of the segments and for somite boundary formation (Hrabe de 
Angelis et al., 1997; Morimoto et al., 2005; Oginuma et al., 2008; Takahashi et al., 2003). After 
segment polarity is established, morphological segmentation starts (Fig. 1B). Somite morphogenesis 
involves a mesenchymal-to-epithelial transition of the boundary cells, and appears to depend upon 
coordinated action of eph/ephrin, integrin, cadherin, and notch signaling (Barrios et al., 2003; 
Crawford et al., 2003; Durbin et al., 1998; Julich et al., 2005a; Koshida et al., 2005; Yamamoto et al., 
1998). After the establishment of morphological somites, these are subdivided into myotome (Fig. 1C), 
sclerotome, and dermomyotome, which give rise to musculature, vertebrae and dermis (Devoto et al., 
2006; Hammond et al., 2007; Hollway et al., 2007; Morin-Kensicki and Eisen, 1997; Morin-Kensicki 
et al., 2002; Stellabotte et al., 2007; Stickney et al., 2000). Hox genes control the regional specification 
of somites according to their position along the AP axis (Dubrulle et al., 2001; Prince et al., 1998; van 
der Hoeven et al., 1996).  
 
  16 
 
Figure 1. Steps in somite specification and maturation in zebrafish 
(A) Expression of the segment polarity gene mespb in the anterior PSM of a 10 somite stage embryo. 
Bar: position of the most recently formed somite boundary, bracket: striped expression of mespb. 
Dorsal view with anterior to the top. Scale bar = 50 µm. (B) The three anterior-most somites at the     
9 somite stage (13.5 hours post fertilization, hpf). Arrows: mesenchymal interior of somites two and 
three. (C) Myotomes one to three have developed from the first three somites. The view is of the 
primordium (prim)-15 stage (30 hpf). (B) and (C) Lateral view with anterior to the left. Modified from 
(Kimmel et al., 1995). Scale bar = 50 µm. 
 
 
 
The segmentation clock 
 
In the classic Clock-and-Wavefront model, a segmentation clock rhythmically gates the progression of 
a wavefront of cell determination. Cells in the permissive phase of the clock cycle undergo an abrupt 
transition in their cellular properties when passed by the wavefront, thereby converting the rhythmic 
pulses delivered by the clock into the regular spatial arrangement of the somites (Cooke and Zeeman, 
1976). This model accounts for Cooke’s observation that somite number remained constant even after 
cell number of individual embryos had been reduced to half its normal value (Cooke, 1975).  
 
Molecular candidates for both the clock (Palmeirim et al., 1997) and the wavefront (Aulehla et al., 
2003; Dubrulle et al., 2001) have been identified, and the postulated regulation of segment length by 
segmentation clock period and wavefront velocity has since received experimental support (Dubrulle et 
al., 2001; Horikawa et al., 1999; Sawada et al., 2001). Most of the findings pertaining to vertebrate 
somitogenesis are currently interpreted within the framework of the Clock and Wavefront model.  
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Although the segmentation clocks of zebrafish, chick and mouse differ from one another in their 
genetic circuitry, the conversion of temporal oscillations into a spatial pattern is achieved by the same 
basic principle in all three species. Gene expression in the PSM as a whole oscillates with a period 
equal to that of somitogenesis, evident in the repeated expression patterns of cyclic genes (Fig. 2A). 
However, cells at different positions oscillate with different periods (Giudicelli et al., 2007; Gomez et 
al., 2008; Jaeger and Goodwin, 2001; Kaern et al., 2000), resulting in the formation of moving stripes 
of gene expression in mouse, chick (Fig. 2B) and zebrafish (Fig. 2C). Waves of gene expression sweep 
through the PSM from posterior to anterior, progressively slowing in the anterior PSM and arresting at 
the position of the future somite boundary. How oscillations of gene expression are generated in the 
PSM of different vertebrate species has been the subject of intense research, and recent progress shall 
briefly be reviewed in the following sections. 
 
 
 
Figure 2. A segmentation clock acts in PSM cells to pattern the vertebrate AP axis  
(A) Expression of the mRNA of a cyclic gene repeatedly sweeps across the PSM in a posterior-to-
anterior direction (blue shading), and each cycle is synchronous with somite formation. Cells at the 
indicated positions (dotted lines) periodically express the gene (graphs at right), and the phases are 
distinct depending on the cells’ anterior-posterior position. Modified from (Bessho and Kageyama, 
2003). (B) Cyclic c-hairy1 mRNA expression in chick PSM at 15 somite stage. Arrowheads: most 
recently formed somite boundary. Dorsal view with anterior to the top. Scale bar = 200 µm. Modified 
from (Palmeirim et al., 1997). (C) Cyclic deltaC mRNA expression in zebrafish PSM at 10 somite 
stage. Dorsal view with anterior to the top. Scale bar = 50 µm. Modified from (Jiang et al., 2000).  
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The segmentation clock in amniotes  
 
The first evidence of a molecular clock directing somitogenesis was found in chick embryos, where 
expression of the c-hairy1 gene cycles with a period that matches that of somitogenesis (Palmeirim et 
al., 1997). Further members of the hairy gene family were shown to cycle in both chick and mouse 
embryos (Bessho et al., 2001; Dunwoodie et al., 2002; Jouve et al., 2000; Leimeister et al., 2000). The 
Hairy and Enhancer of Split (Hes) gene family has been implicated in a negative feedback loop in the 
mouse PSM (Bessho et al., 2003; Hirata et al., 2004). Furthermore, the glycosyltransferase          
Lunatic fringe (Lfng), which modifies the Notch receptor, is cyclically expressed in mouse and chick 
(Aulehla and Johnson, 1999; Dale et al., 2003; Forsberg et al., 1998; McGrew et al., 1998), and its 
oscillations are essential for somitogenesis in mice (Serth et al., 2003). Striped expression of the 
cleaved, active form of the Notch receptor suggests that rhythmic activation of the Notch pathway is 
taking place in the mouse PSM (Huppert et al., 2005; Morimoto et al., 2005).  
 
Oscillations in pathways other than the Notch pathway also occur in amniotes (Fig. 3). The expression 
of the Wingless/Int (Wnt) inhibitor Axin2 oscillates in the mouse PSM (Aulehla et al., 2003). The list 
of cyclic genes from both the Notch and Wnt pathway was further extended by a microarray-based 
study, which in addition revealed cyclic expression of several Fibroblast growth factor (Fgf) pathway 
genes in the mouse PSM (Dequeant et al., 2006). Many of the genes found in that study have been 
implicated in negative feedback loops (Dequeant et al., 2006). Notch and Fgf pathway genes oscillate 
largely in phase, and out of phase with members of the Wnt pathway (Dequeant et al., 2006). However, 
a functional role in somitogenesis remains to be shown for most of the cyclic genes found in that study. 
 
It has been proposed that Fgf oscillations act upstream of Wnt oscillations in the mouse PSM (Niwa et 
al., 2007; Wahl et al., 2007), with Wnt oscillations in turn controlling Notch oscillations (Aulehla et al., 
2003; Hofmann et al., 2004; Nakaya et al., 2005). However, it has been reported that oscillations of the 
Notch pathway do not depend on Wnt oscillations (Aulehla et al., 2008). Whether oscillations in any 
one of these three pathways act as clock pacemaker, or whether they reflect the output of a hidden 
master clock, as well as the hierarchy between Fgf, Wnt and Notch oscillations, are subject of ongoing 
debates in the field.  
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Figure 3. Schematic representation of the mouse segmentation oscillator 
Cyclic genes belonging to the Notch and Fgf pathways (indicated in red) oscillate in opposite phase to 
cyclic genes of the Wnt pathway (indicated in blue). A large number of the cyclic genes are involved in 
negative feedback loops. The basic circuitry of the three signalling pathways is represented. Dashed 
lines: modes of regulation inferred from work in other systems or based on microarray data (Dequeant 
2006). APC, adenomatous polyposis coli; DACT1, dapper homologue 1; DKK1, dickkopf homologue 
1; DLL1, delta-like 1; DSH, dishevelled; DUSP6, dual specificity phosphatase 6; ERK, mitogen-
activated protein kinase 1; FGFR1, FGF receptor 1; GRB2, growth factor receptor-bound protein 2; 
GSK3, glycogen synthase kinase 3; Hes1, hairy and enhancer of splitrelated 1; LFNG, lunatic fringe; 
LRP6, low density lipoprotein receptor-related protein 6; MEK, mitogen-activated protein kinase 
kinase 1; NICD, Notch intracellular domain; NKD1, naked cuticle 1 homologue; Nrarp, Notch-
regulated ankyrin repeat protein; SHP2, Src homology region 2-containing protein tyrosine 
phosphatase 2; SOS, son of sevenless; Sp5, trans-acting transcription factor 5; Tnfrsf19, tumour 
necrosis factor receptor superfamily, member 19. Modified from (Dequeant and Pourquie, 2008). 
 
 
 
The segmentation clock in zebrafish  
 
In zebrafish, all cyclic genes identified so far belong to the Notch pathway, or the hairy and enhancer 
of split related (her) family of Notch target genes. The Notch ligand deltaC (Jiang et al., 2000) and the 
her genes her1 (Holley et al., 2000), her7 (Oates and Ho, 2002), her11 (Gajewski et al., 2006), her12 
and her15 (Shankaran et al., 2007) are cyclically expressed in zebrafish PSM. A model for the 
molecular circuitry of the zebrafish segmentation clock (Lewis, 2003) was proposed based on results 
from mutant or morphant embryos in combination with results from overexpression studies (Gajewski 
et al., 2003; Henry et al., 2002; Holley et al., 2000; Holley et al., 2002; Oates and Ho, 2002; Takke and 
Campos-Ortega, 1999). The model poses a delayed negative feedback loop of autorepressory her genes 
at the core of the zebrafish segmentation clock (Fig. 4). The oscillations of her gene products require 
the hes6 gene, whose transcription is regulated by the Fgf signaling pathway. Hes6 forms a 
heterodimer with Her1 and enhances its ability to repress its own promoter (Kawamura et al., 2005).  
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A number of mutations affecting somite formation were recovered in the Tübingen screen (Jiang et al., 
1996; van Eeden et al., 1996), all but one of which affect Notch pathway genes. The after eight (aei), 
beamter (bea), deadly seven (des) and mind bomb (mib) mutants have genetic lesions in the Notch 
ligands deltaD and deltaC, the Notch receptor notch1a and the E3 ubiquitin ligase mind bomb genes, 
respectively (Holley et al., 2000; Holley et al., 2002; Itoh et al., 2003; Julich et al., 2005b). Cyclic gene 
expression patterns in these mutants are gradually replaced by a salt-and-pepper expression pattern, and 
it has therefore been proposed that Notch signaling acts in the PSM to synchronize oscillations in 
adjacent PSM cells (Jiang et al., 2000). This hypothesis has since received further experimental support 
(Horikawa et al., 2006; Riedel-Kruse et al., 2007). The gradual desynchronization of cyclic gene 
expression patterns correlates with, and was proposed to underlie, the onset of defects in the formation 
of posterior somites (Horikawa et al., 2006; Jiang et al., 2000; Riedel-Kruse et al., 2007). The Anterior 
Limits of Segmental Defects (ALD) indicates the number of the anterior-most defective segment and is 
therefore a measure for the severity of the segmental phenotype, and the ALD values of some Delta-
Notch mutants are provided below (Table 1 in Part 2 of the study).  
 
 
 
Figure 4. Schematic representation of the zebrafish segmentation oscillator 
An autorepressory feedback loop of Her1 and Her7 generates sustained cell-autonomous oscillations. 
Oscillations in individual cells are coupled by Delta-Notch intercellular signaling. The role of Her11, 
Her12 and Her15 in the oscillator mechanism is less clear. The Her1/7 oscillator also receives input 
from the Fgf signaling pathway via Hes6. Fgfr, Fgf receptor. Modified from                            
(Dequeant and Pourquie, 2008).  
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An arrest wavefront of cell determination 
 
Microsurgical evidence from the chick embryo (Dubrulle et al., 2001) pointed to the existence of a 
moving wavefront separating the anterior from the posterior part of the PSM. This wavefront is defined 
as the position where cells first acquire their segmental identity (Dubrulle et al., 2001), and is 
correlated with the onset of Mesp (Mesp2 in mouse and mespb in zebrafish) gene expression and the 
expression of cellular adhesion molecules (Duband et al., 1987; Horikawa et al., 1999; Linask et al., 
1998). Oscillations of cyclic gene expression are thought to slow down and arrest in different phases of 
their cycles at the level of the wavefront, which is why it is also called the arrest wavefront (Holley et 
al., 2000; Sawada et al., 2001). 
 
One of the molecules implicated in arrest wavefront positioning in both amniotes and zebrafish is Fgf8 
(Dubrulle et al., 2001; Sawada et al., 2001). It has been shown that transplantation of Fgf8-soaked 
beads into the anterior PSM results in the formation of smaller somites and the anterior extension of 
posterior PSM markers (Delfini et al., 2005; Dubrulle et al., 2001), whereas transient inactivation of 
Fgf signaling by pharmacological inhibitors resulted in the formation of larger somites and 
downregulation of posterior PSM markers (Dubrulle et al., 2001; Sawada et al., 2001). These findings 
suggest that high levels of Fgf8 in the tailbud and posterior PSM serve to maintain the posterior 
identity in this region. It has been proposed that the arrest wavefront corresponds to the position in the 
anterior PSM where the level of Fgf signaling drops below a certain threshold, whereupon cells 
become competent to segment. 
 
Active transcription of fgf8 mRNA takes place only in the tailbud (Dubrulle and Pourquie, 2004). 
When cells leave the tailbud and become located more anteriorly in the PSM, levels of fgf8 mRNA 
progressively decay, thereby establishing a gradient of fgf8 mRNA, Fgf8 protein (Dubrulle and 
Pourquie, 2004) and MAPK/ERK activation (Delfini et al., 2005; Sawada et al., 2001). Concomitantly 
with posterior displacement of the source of fgf8 mRNA in the tailbud, the arrest front is thought to 
gradually move posteriorly (Fig. 5).  
 
The overexpression of Wnt3a in the anterior PSM of mouse embryos shifts somite boundaries 
anteriorly (Aulehla et al., 2003). Therefore, Wnt signaling also seems to function in arrest wavefront 
positioning in mouse PSM, probably in parallel with or upstream of Fgf signaling (Aulehla et al., 2003; 
Aulehla et al., 2008). The finding that both the Wnt and Fgf pathway exhibit graded activation along 
the PSM, while a number of their target genes are cyclic, could be explained by the involvement of 
some external pacemaker, however, the molecular identity and function of such a pacemaker are 
elusive (Aulehla et al., 2008). A gradient of retinoic acid (RA) signaling in the anterior PSM and 
somites seems to oppose the posterior gradient of Fgf (Fig. 5), thereby potentially contributing to 
positioning of the wavefront (Diez del Corral et al., 2003; Sirbu and Duester, 2006). However, RA is 
not required for somite formation (Niederreither et al., 2002), and its precise role in somitogenesis is 
still a matter of debate.  
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The passing through of the arrest wavefront is thought to confer competence to respond to the signals 
of the segmentation clock. However, the molecular mechanism of the interaction between clock and 
wavefront remain elusive. In zebrafish, the hes6 gene, a downstream target of Fgf signaling expressed 
in a posterior gradient in the PSM, has been shown to physically interact with the cyclic gene her1 by 
heterodimerization, thereby altering its repressive capacity (Kawamura et al., 2005). Hes6 might 
therefore provide a link between the Fgf gradient and the segmentation clock.  
 
 
Figure 5. A model of arrest wavefront movement through the PSM 
Opposing gradients of Fgf and Wnt signaling (purple) and RA (green) signaling were proposed to 
control the movement of the determination front (black line) along the PSM. The role of RA in this 
model remains debated. t, time in segmentation clock cycle unit. Modified from                       
(Dequeant and Pourquie, 2008). 
 
 
 
Models of vertebrate segmentation 
 
A number of models for somitogenesis have been developed, which seek to explain the molecular or 
cellular mechanisms underlying vertebrate segmentation. Some of these models, and their implications 
and limitations, shall briefly be discussed here. As discussed above, the currently most widely accepted 
conceptual framework of vertebrate somitogenesis is the Clock and Wavefront model (Cooke and 
Zeeman, 1976).  
 
Meinhardt proposed a reaction-diffusion model based on a Turing-type mechanism of pattern 
formation, which involves two autocatalytic substances that behave as short-range activators and long-
range inhibitors (Meinhardt, 1986; Turing, 1952). This model accounts for the sequential formation of 
a spatially periodic arrangement of two cell states, which were proposed to correspond to the anterior 
or posterior parts of a somite. However, experimental evidence for an interaction of diffusing 
morphogens in the PSM of any vertebrate is presently lacking. 
 
Cells that segment together exhibit a certain degree of cell cycle synchrony in the chick PSM, and short 
exposure to high temperatures at one time point induces segmentation defects 6-7 somite cycles later, 
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which corresponds to the duration of the cell cycle in this tissue (Primmett et al., 1989; Primmett et al., 
1988). These findings lead to the proposal that the cell cycle might be directly involved in gating cells 
into segments, and was mathematically formulated as a cell-cycle model of somitogenesis (Collier et 
al., 2000). However, experimental evidence so far does not support a role for the cell cycle as a genuine 
‘segmentation clock’. 
 
Neither of the above models accounts for the moving waves of gene expression observed in the PSM. 
In a model describing the PSM as a collection of cellular oscillators in a growing tissue (Jaeger and 
Goodwin, 2001), a simplification and reformulation in more biologically relevant terms of a model 
relying on flow-distributed oscillators proposed earlier (Kaern et al., 2000), cyclic gene expression 
patterns in the PSM could be faithfully reproduced. This approach was able to compare favorably with 
experimental data of the wavelength and position of the cyclic gene expression stripes in the PSM of 
zebrafish (Giudicelli et al., 2007) and other vertebrates (Gomez et al., 2008). 
 
As discussed above, a molecular model of the zebrafish segmentation clock poses a cell-autonomous 
oscillator based on a delayed autoinhibitory feedback loop of the her1 and her7 genes at the core of the 
segmentation clock (Lewis, 2003). Two other reports also demonstrated that delayed feedback can 
indeed give rise to sustained oscillations in various biological contexts (Jensen et al., 2003; Monk, 
2003). In the Lewis model, her1/7 oscillations in individual cells are coupled by Notch signaling 
between adjacent PSM cells. The period of oscillations is determined by the molecular characteristics 
of the her genes, in particular transcriptional and translational delays, and mRNA and protein stability 
(Lewis, 2003). Lewis type models have been used to interpret experimental observations in zebrafish 
(Horikawa et al., 2006; Ozbudak and Lewis, 2008) and other vertebrates (Hirata et al., 2004). 
 
Two other molecular models of somitogenesis also rely on negative feedback loops as core oscillators. 
One of them extends the Lewis model to integrate findings about the biochemical characteristics of 
other zebrafish her genes (Cinquin, 2007). Another model uses a non Hes-based negative feedback 
loop in the Notch signaling pathway, and negative feedback loops of Wnt and Fgf pathways 
components (Goldbeter and Pourquie, 2008) to accommodate the complex oscillatory gene network 
recently discovered in mouse embryos.  
 
A recent theoretical approach addressed the question of how synchrony in a population of coupled 
oscillators changes over time depending on the noise in the system and the level of Delta/Notch 
coupling, using zebrafish somitogenesis as a model system (Riedel-Kruse et al., 2007). A mean-field 
theory of coupling was used to represent tailbud cells as identical, all-to-all coupled phase oscillators 
with no spatial organization. This approach was successful in predicting the severity of defects in 
posterior somitogenesis from the level of impairment in Delta-Notch signaling resulting from delivery 
of varying doses of the small-molecule γ-secretase inhibitor N-[N-(3,5- difluorophenacetyl-L-alanyl)]-
S-phenylglycine t-butyl ester (DAPT) (Geling et al., 2002). These findings strongly support the concept 
of the segmentation clock being constituted of an array of coupled phase oscillators. 
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How the dynamic stripe patterns of oscillatory gene expression in the PSM relate to the underlying 
cell-autonomous oscillations and interactions between individual oscillating cells, and how the period 
of the segmentation clock is regulated and translated into the spatial pattern of the stripes, is not yet 
understood. Although some of the models discussed above successfully account for some of the 
experimental data, a unified formal framework relating local and global aspects of the system is still 
not available, but is essential to tackle these questions. 
 
 
 
The role of endocytosis in Notch signaling 
 
The aim of this section is to first provide a general overview over events in Notch signaling as well as 
over the organization of the endocytic pathway, and then to link these areas in a section discussing the 
role of Delta ligand endocytosis in Notch signaling.  
 
A brief overview of the Notch signaling pathway 
 
Notch signaling has multiple and essential roles in many cell fate decisions and patterning events from 
worms to humans (Lai, 2004), and therefore has to be regulated at multiple levels (Schweisguth, 2004). 
Aberrant Notch signaling contributes to diseases like Alagille syndrome and CADASIL, which affect 
multiple organ systems (Hansson et al., 2004; Lasky and Wu, 2005). Notch signaling has been 
implicated in the function of the segmentation clock in zebrafish, chick, mouse and humans, and 
regulation of Notch signaling must therefore be of importance for clock function.  
 
Notch receptors are type I transmembrane proteins that are present on the plasma membrane as 
heterodimers due to Furin based cleavage (S1) in the Golgi prior to delivery of the receptor to the cell 
surface (Logeat et al., 1998). These heterodimers consist of the Notch Extracellular Domain (NECD) 
and a membrane-anchored domain consisting of intracellular, transmembrane and a short extracellular 
domain (Fig. 6). The NECD contains a number of Epidermal Growth Factor (EGF)-repeats involved in 
ligand binding. Upon ligand binding, Notch is cleaved by an extracellular protease of the 
ADAM/TACE family (S2), and the resulting membrane-bound form of Notch is further processed by 
the intramembrane γ-secretase complex (S3). The S3 cleavage generates the signaling-competent form 
of the Notch receptor, the Notch Intracellular Domain (NICD), which translocates to the nucleus where 
it interacts with a DNA-binding protein called CSL (CBF1 in humans, Suppressor of Hairless in 
Drosophila, Lag-1 in C. elegans). Binding of NICD to CSL results in activation of Notch target genes 
in the target cell nucleus (Fig. 6).  
 
Notch receptors are bound and activated by ligands of the DSL family (Delta and Serrate in 
Drosophila, Lag-2 in C. elegans). While there is only one Delta protein in Drosophila, four homologs 
have been found in zebrafish and named DeltaA-D, two of which, DeltaC and DeltaD, are expressed in 
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the PSM (Haddon et al., 1998). Like Notch, Delta proteins have a number of EGF repeats in their 
extracellular domain, along with a so-called DSL motif that involved in Notch binding.  
 
 
Figure 6. An overview of Notch signaling 
Upon ligand binding, Notch undergoes proteolytic cleavage and is transported to the cell nucleus, 
where it transcriptionally activates its target genes. Modified from (Le Borgne et al., 2005). 
 
 
 
The endocytic pathway, and the role of Ras-related in brain (Rab) proteins 
 
The endocytic pathway comprises a variety of subcellular compartments with different biochemical 
compositions and localizations within the cell, which are interconnected by a dynamic organelle 
network. Endocytic organelles exhibit complex morphological organization as vacuoles, cisternae, 
tubules, and multilamellar or multivesicular bodies.  
 
Soluble molecules, membrane components or receptors can enter the endocytic pathway by clathrin-
dependent endocytosis, where cargo is internalized in clathrin-coated pits, or clathrin-independent 
endocytosis, which generally depends on cholesterol-rich membrane domains and includes caveolae-
mediated endocytosis. Molecules internalized at the plasma membrane are then delivered to early 
endosomes, where they are either sorted toward late endosomes and lysosomes for degradation, or 
trafficked back to the plasma membrane through recycling endosomal compartments (Lemmon and 
Traub, 2000). Early and late endosomes also exchange cargo with the trans-Golgi network (TGN).  
 
Members of the Rab family of small GTPases and their effectors act as membrane organizers along the 
endocytic pathway (reviewed in (Zerial and McBride, 2001) by coordinating consecutive stages of 
transport, such as vesicle formation, vesicle and organelle motility, and tethering of vesicles to their 
target compartment. Rab proteins are highly compartmentalized in organelle membranes, making them 
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excellent candidates markers of organelle identity (Fig. 7). Early endosomes mostly contain Rab5 
(Chavrier et al., 1990). In contrast, recycling endosomes are enriched in Rab11 and Rab4 (Ullrich et al., 
1996; Van Der Sluijs et al., 1991). Late endosomes are characterized by the presence of Rab7 and 
Rab9. Rab7 regulates transport between early and late endosomes (Chavrier et al., 1990), whereas 
Rab9 governs the formation of carriers destined for the TGN (Barbero et al., 2002; Lombardi et al., 
1993).  
 
 
Figure 7. An overview of the endocytic pathway 
Rab proteins are highly compartmentalized in organelle membranes, making them excellent candidates 
markers of organelle identity. Modified from (Miaczynska and Zerial, 2002). 
 
 
 
Ligand endocytosis in Notch signaling 
 
Internalization and subsequent lysosomal degradation of active receptors by endocytosis is a well-
known mechanism of receptor activity regulation. Therefore, the finding that Delta endocytosis is 
required for proper activation of Notch signaling seems counterintuitive. It has been shown that Delta 
and Notch accumulate in endocytic vesicles in Drosophila (Kooh et al., 1993), and the shibire/dynamin 
mutant exhibits a Notch-like phenotype (Seugnet et al., 1997).  
 
Neuralized, an E3 ubiquitin ligase, was shown to be responsible for ubiquitination and endocytosis of 
Delta in Drosophila (Deblandre et al., 2001; Lai et al., 2001; Pavlopoulos et al., 2001; Yeh et al., 
2001). Ubiquitin is a highly conserved 76-amino acid polypeptide that is covalently linked to a lysine 
residue in the substrate protein. Ubiquitination is a three-step reaction involving Ubiquitin-activating 
(E1), Ubiquitin-conjugating (E2) and Ubiquitin-ligase (E3) enzymes. Ubiquitin ligases confer substrate 
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specificity and catalyze the transfer of ubiquitin to target proteins. There are three modes of 
ubiquitination, with distinct biological functions (Haglund et al., 2003). (1) Monoubiquitination is 
defined by the addition of a single ubiquitin to a substrate and functions in endocytosis, membrane 
trafficking, and protein sorting. (2) Multiubiquitination consists of the monoubiquitination of several 
lysine residues in a protein substrate and functions in endocytosis and membrane trafficking. (3) In 
polyubiquitination an ubiquitin chain forms that is attached to a single lysine of the target protein, 
which is then degraded by the 26S proteasome. 
 
Delta interacts with Mib through its intracellular domain (ICD), and Delta protein lacking the ICD is 
not ubiquitinated and cannot effectively activate Notch. However, replacement of Delta ICD with the 
ICD of Low Density Lipoprotein Receptor (LDLR), a receptor that undergoes rapid endocytosis and 
recycling, restores Delta’s signaling ability (Wang and Struhl, 2004). The requirement of Delta 
endocytosis in Notch signaling may therefore be based on Delta’s need to be modified in some 
subcellular compartment, likely the recycling endosome, in order to become fully signaling competent 
(Wang and Struhl, 2004). This does not exclude the possibility that Delta endocytosis also promotes 
Notch signaling in other ways (Fig. 8), potentially facilitating S2 cleavage by induction of 
conformational changes in the Notch receptor, or by generation of signaling-competent exosomes 
(reviewed in (Chitnis, 2006; Le Borgne et al., 2005; Le Borgne and Schweisguth, 2003a). However, 
conclusive evidence for or against any one of these possibilities is presently lacking. 
 
Impairment of Notch signaling in the zebrafish mind bomb (mib) mutant results in the production of an 
excess of early neurons, premature differentiation of neural progenitors and somitogenesis defects (Itoh 
et al., 2003; Jiang et al., 1996; Schier et al., 1996). The mib gene encodes an E3 ubiquitin ligase that is 
required for ubiquitination and endocytosis of Delta in vivo and in cell culture (Chen and Casey 
Corliss, 2004; Itoh et al., 2003; Zhang et al., 2007a). Both ubiquitination and endocytosis are required 
for effective activation of Notch signaling (Koo et al., 2005a; Koo et al., 2005b; Le Borgne and 
Schweisguth, 2003b; Overstreet et al., 2004; Wang and Struhl, 2004; Wang and Struhl, 2005), 
suggesting that an impairment of these processes might be the molecular basis for the Notch phenotype 
of the mib mutant.  
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Figure 8. Potential mechanisms for a role of Delta endocytosis in Notch signaling  
(1) The endocytosis of Notch-bound DSL ligands might create pulling forces on N that induce 
conformational changes associated with the unmasking of the S2 cleavage site. (2,3) Newly synthesized 
inactive Delta ligands become active upon being trafficked through endosomal compartments. This 
could be mediated either through activation in the recycling endosomes by an as yet unknown post-
translational modification (2) or by formation of signaling-competent exosomes (3). These models are 
not mutually exclusive. The pH gradient of vesicles is color-coded from neutral (pale yellow) to pH5 
(orange). CCP, clathrin-coated pit; CCV, clathrin-coated vesicle; ECV, endosomal carrier vesicles; 
LE, late endosome; Lys, lysosome; MVBs, multivesicular bodies; RE, recycling endosome; SE, sorting 
endosomes. Modified from (Le Borgne et al., 2005).  
 
 
 
Zebrafish as a model system for the study of somitogenesis 
 
Zebrafish was chosen for this study for a number of reasons. First, one female can produce up to 
several hundred eggs per week, enabling experiments with high numbers of embryos. The externally 
developing embryos are completely transparent at early stages, until approximately 24 hours post 
fertilization (hpf), and therefore well suited for application of a wide range of imaging approaches, 
which were major tools in this study. Furthermore, mutants with genetic lesions in a majority of genes 
relevant for this study were available.  
 
Zebrafish are teleost fish whose natural habitat are freshwater streams and ponds in Southeast Asia 
(Engeszer et al., 2007). Within the last decade, the use of zebrafish as a research model organism has 
become more and more widespread. In the laboratory, zebrafish embryos are usually kept at a standard 
temperature of 28.5ºC (Kimmel et al., 1995). Adult and juvenile zebrafish are found in natural habitats 
with temperatures ranging between 24.6ºC and 38.6 ºC (Engeszer et al., 2007), implying that zebrafish 
can tolerate a wider range of temperatures than previously thought. The rate of development changes as 
a function of temperature (Kimmel et al., 1995), and staging by counting hours post fertilization (hpf), 
always refers to development at standard temperature. Naming stages after distinctive morphological 
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features is a temperature-independent way of staging the embryo. Early zebrafish development from 
fertilization until hatching is subdivided into a number of periods (Kimmel et al., 1995), which are 
briefly described below. 
 
Zygote period (0 - ¾ h). A newly fertilized egg is called a zygote from the moment of fertilization 
until the first cleavage occurs about 45 min afterwards (Fig. 9A). During this period, fertilization-
induced cytoplasmic movements lead to a segregation of nonyolky cytoplasm from yolk, thereby 
segregating the blastodisc at the animal pole from the yolk granule-rich cytoplasm at the vegetal pole.  
 
Cleavage period (¾  – 2 ¼ h). After the first cleavage, cells start to divide rapidly and synchronously. 
These divisions are meroblastic, and blastomeres remain interconnected by cytoplasmic bridges. At the 
64-cell stage, the so-called deep cells become separated from the outer enveloping layer. 
 
Blastula period (2 ¼ - 5 ¼ h). The blastodisc begins to look ball-like after the sixth cell division, 
thereby defining the onset of the blastula period (Fig. 9B). Starting at the 512 cell stage, synchrony of 
cell division is gradually lost, and gene regulation switches from maternally provided mRNAs and 
proteins to activation of zygotic genes (Kane and Kimmel, 1993; Kane et al., 1992), a process called 
mib-blastula transition. The yolk syncytial layer forms when marginal blastomers release their nuclei 
into the yolk cytoplasm. Epiboly, the process of thinning and spreading of the blastodisc over the yolk, 
starts during the late blastula period and continues until the whole yolk cell is covered with blastodisc 
cells at around 10 hpf.  
 
Gastrula period (5 ¼ - 10 h). At 50% epiboly, when the blastodisc covers about half of the yolk cell, 
the morphogenetic movement of involution begins, which defines the onset of gastrulation. Involution 
gives rise to the germ ring by folding the blastoderm back upon itself, thereby producing two germ 
layers. The upper epiblast feeds cells into the lower hypoblast throughout gastrulation. The epiblast 
cells will give rise to ectodermal tissues, whereas mesodermal and endodermal tissues originate from 
the hyploblast. At the same time that involution starts, convergence movements produce a local 
accumulation of at one position of the germ ring, termed the embryonic shield (Fig. 9C), and later 
create a thin evacuation zone at the ventral side of the embryo (Fig. 9D). Shortly after the completion 
of epiboly, the tail bud develops at the caudal end of the embryonic axis (Fig. 9E). 
 
Segmentation period (10- 24 hpf). A wide variety of morphogenetic movements occur during this 
period. The rudiments of the primary organs become visible, the nervous system develops, and the 
embryo elongates. Some cells differentiate morphologically, and the first body movements take place. 
The most characteristic feature of the period, and a most useful staging index, is the sequential 
subdivision of the paraxial mesoderm into somites (Fig. 9F,F’,G). Somitogenesis period has been 
demonstrated to be constant along the trunk (Schroter et al., 2008), and to slow down in the tail 
(Schroter et al., 2008), in contrast to earlier studies reporting more rapid formation of the first six 
somites (Kimmel et al., 1995). An epithelium surrounds a more mesenchymal region in recently formed 
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somites. Most of the interior cells in each somite will develop as a myotome. A second derivative of 
the somite is the sclerotome, developing ventromedially in the somitic epithelium, and later giving 
rise to vertebral cartilage.  
 
Pharyngula period (24 – 48 h). The term pharyngula refers to a stage where the embryo has aquired 
its phylotypic shape, in this case the classic vertebrate bauplan (Ballard, 1981). The most precise 
staging method during this stage uses the position of the leading tip of the migrating portion of the 
posterior lateral line primordium (Kimmel et al., 1995). The pharyngeal arches develop rapidly during 
this period. Lengthening of the embryonic axis continues (Fig. 9H) and is accompanied by 
morphogenetic straightening of both tail and head regions (Fig. 9I). The fins develop, pigment cells 
differentiate, the circulatory system develops, and tactile sensitivity appears. 
 
Hatching period (48 – 72 h). Individuals within a single developing clutch hatch sporadically during 
this period, and occasionally later. Morphogenesis of the primary organs is mostly finished at this 
stage, and cartilage develops in the head and fin. After 72 hpf, individuals are termed larvae, thereby 
referring to their active swimming and feeding behavior (Kimmel et al., 1995). 
 
Figure 9. An overview of early zebrafish development 
(A) The dechorionated zygote with the animal pole to the top, about 10 min after fertilization. Yolk-free 
cytoplasm has begun to segregate to the animal pole. (B) 256 cell stage (2.5 hpf) (C) Shield stage       
(6 hpf). The embryonic shield, marking the dorsal side, is visible as a thickening of the germ ring to the 
left. (D) 75%-epiboly stage (8 hpf). Arrow: thin evacuation zone on the ventral side. (E) Bud stage   
(10 hpf). Arrow: polster, arrowhead: tail bud. (F) Four somite stage (11.3 hpf). The optic primordium 
begins to show (arrow). (F’) Four somite stage, dorsal view, focus is on the notochord at the level of 
the boundary between somites 2 and 3. (G) Twenty somite stage (19 hpf). Arrow: otic vesicle.           
(H) Prim-5 stage (24 hpf). The brain is prominently sculptured. Melanogenesis has begun, but is not 
yet evident at this low magnification. (J) Prim-20 stage (33 hpf). A few pigment cells are now present 
along the axis dorsal to the yolk extension and on the dorsal part of the yolk ball. Embryos are shown 
from lateral view unless indicated otherwise. Scale bar = 250 µm. Modified from                       
(Kimmel et al., 1995). 
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Results and Discussion 
 
Cell-autonomous oscillations of her gene products, synchronized by Notch-mediated intercellular 
signaling, were proposed to constitute the zebrafish segmentation clock (Holley et al., 2002; Lewis, 
2003; Oates and Ho, 2002). How period is regulated in this multi-cellular oscillatory gene network is 
unknown. The aim of this study was to gain insight into the mechanism of period setting in the 
zebrafish segmentation clock. Two different but complementary approaches were pursued as discussed 
in Parts 1 and 2, respectively.  
 
The first approach relates to the fact that mind bomb (mib) mutant embryos form somites more slowly 
than their wt siblings (Jiang et al., 1996), suggesting that Mib might be implicated in period setting. 
Mib is an E3 ubiquitin ligase required for ubiquitination and endocytosis of Delta proteins, and Notch 
signaling is impaired in mutants with defective Mib (Itoh et al., 2003). It has been suggested that the 
mechanistic basis for the requirement of Delta endocytosis in Notch signaling is a need for Delta to 
enter a particular endocytic compartment, potentially a recycling endosome, in a ubiquitin-dependent 
manner, where its signaling ability might be established or amplified by an as yet unknown 
posttranslational modification. Delta protein trafficking through the endocytic pathway was analyzed in 
wt and mib embryos by means of colocalization studies endocytic markers. The rationale of this 
approach was that if Delta gained access to a particular endocytic compartment through Mib-dependent 
endocytosis, the presence of Delta in this compartment would be expected to be reduced in mutants 
with defective Mib, thereby revealing the compartment’s identity. 
 
The second part of the study was motivated by the fact that the identification of period mutants of the 
Drosophila circadian clock advanced the understanding of its mechanism (Konopka and Benzer, 1971). 
A screen for period mutants was carried out by measuring somitogenesis period, segment length and 
arrest wavefront velocity in mutant embryos, because correlated changes in somitogenesis period and 
segment length without a change in arrest wavefront velocity are phenotypic characteristics expected 
from a mutant with altered segmentation clock period. The candidates for segmentation clock period 
mutants identified in the screen are reported in the second part.  
 
Part 1 - Results 
 
In order to investigate the role of a potential perturbation of Delta endocytic trafficking in mib mutants, 
reagents for detection of the protein products of the deltaC and deltaD genes, the two delta genes 
expressed in zebrafish PSM, are needed. A monoclonal antibody specific for DeltaD has previously 
been described (Itoh et al., 2003), and an aliquot was kindly provided by Dr. J. Lewis (Cancer Research 
UK, London, UK). Polyclonal antisera were raised against different fragments of DeltaC. DeltaC 
antisera and DeltaD antibody were used to characterize tissue level expression dynamics and 
subcellular distribution of DeltaC and DeltaD in the zebrafish PSM.  
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Characterization of DeltaC and DeltaD expression in the PSM 
 
Although transcriptional oscillations have been well characterized in mouse, chick and zebrafish, data 
relating to the dynamics of the corresponding protein products are scarce. In chick PSM, western blots 
against the Lunatic Fringe protein demonstrated its cyclic expression (Dale et al., 2003; Serth et al., 
2003). Immunohistochemistry with an anti-Hes7 antibody showed a striped pattern in the mouse PSM, 
which was interpreted as indicating oscillations in Hes7 protein levels (Bessho et al., 2003). Likewise, 
a striped pattern detected with an antibody against the activated form of Notch was taken as evidence 
for a cyclic activation of Notch signaling in the mouse PSM (Huppert et al., 2005; Morimoto et al., 
2005).  
 
At the beginning of this study, there was no evidence of cyclic protein expression in zebrafish. Cyclic 
expression of Her1 and Her7 proteins is implicit in a molecular model of the zebrafish segmentation 
clock (Lewis, 2003), and cyclic expression of DeltaC was proposed to synchronize oscillations of 
adjacent PSM cells (Giudicelli et al., 2007; Horikawa et al., 2006; Lewis, 2003; Mara et al., 2007). 
Therefore, a characterization of the dynamics of cyclic gene protein products is of importance to the 
understanding of the mechanism of both the core segmentation clock and the mechanism of 
synchronization between individual PSM cells.  
 
Three different polyclonal antisera were raised against different fragments of the DeltaC protein (see 
Experimental Procedures for details). Two were directed against recombinant proteins encompassing a 
region of the extracellular domain, or the transmembrane and intracellular domain, respectively. One 
was directed against a peptide containing the 14 C-terminal amino acids of DeltaC (Fig. 10).  
 
 
 
Figure 10. Fragments of DeltaC recognized by polyclonal antisera 
Functional domains of DeltaC as predicted by SMART (http://smart.embl-heidelberg.de). The regions 
of DeltaC encompassed by the recombinant proteins M1243 and M1260, and the position of the C-
terminal peptide dlc 6869, are indicated. 
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All three antisera revealed a striped pattern of DeltaC expression in the anterior PSM (Fig.11 A-C), 
with one or two stripes detectable in embryos stained with either dlc 6869 or M1260 antiserum, and 
two or three stripes in embryos stained with M1243 antiserum. Stripe length in AP direction depended 
on AP position, with stripes becoming smaller the more anteriorly they were located. While striped 
expression in the anterior PSM was observed with all three antibodies, there was no immunoreactivity 
detectable in the posterior PSM and tailbud in embryos stained with dlc 6869 antiserum. 
Immunoreactivity in the posterior PSM was observed in all embryos stained with either M1243 or 
M1260 antiserum, irrespectively of the expression pattern observed in the anterior PSM. In embryos 
stained with M1260 antiserum, there was some immunoreactivity also at the margins of the PSM (Fig. 
11C and Fig. 12C,C’,F,F’).  
 
A monoclonal antibody against the extracellular domain of zebrafish DeltaD, termed zdd2, was shown 
to specifically recognize DeltaD over DeltaC (Itoh et al., 2003). This antibody has previously been 
used to characterize DeltaD expression in zebrafish inner ear and gut (Crosnier et al., 2005; Itoh et al., 
2003), but not in the PSM. In contrast to deltaC mRNA (Fig. 2C), deltaD mRNA is not cyclically 
expressed (Fig. 12D and (Holley et al., 2000), and the study of DeltaD tissue level expression dynamics 
and subcellular distribution should therefore complement that of DeltaC. DeltaD is expressed in one or 
two stripes in the anterior PSM with stripe length depending on AP position, and in a U-shaped 
expression domain in the posterior PSM (Fig. 11D).  
 
Striped expression patterns of DeltaC and DeltaD expression could be observed from the onset of 
somitogenesis until at least the 18 somite stage, which was the latest time point considered. Within a 
stripe of deltaC mRNA expression (Fig. 17 and (Giudicelli et al., 2007; Julich et al., 2005b; Mara et al., 
2007; Oates et al., 2005), subcellular localization and expression levels of transcript are clearly 
different depending on AP position. No such differences could be observed within stripes of DeltaC 
expression with either of the antisera used, which is also true for stripes of DeltaD expression. 
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Figure 11. Striped expression of DeltaC and DeltaD in the anterior PSM 
Confocal sections through the PSM of 10 somite stage zebrafish embryos. Expression patterns were 
monitored in at least ten embryos from at least three independent trials for each reagent, and 
exemplary images are displayed. Green: immunoreactivity with indicated antiserum or antibody. Blue: 
nuclear counterstain. Bars: AP position of the most recently formed somite boundary, asterisks:        
AP positions of the anterior border of a protein expression stripe. Dorsal view with anterior to the top. 
Scale bar = 50 µm.  
 
 
 
Assessment of antibody specificity 
 
The allele of bea used in this study, beatm98, encodes DeltaC with a missense mutation in the               
7th EFG repeat, which is responsible for the mutant phenotype observed (Julich et al., 2005b). Although 
the stability of the mutant protein might be affected, this allele still encodes full-length DeltaC. 
Therefore, this mutant was likely inappropriate for assessment of antibody specificity, and a 
morpholino based approach was used instead. Embryos were injected with amounts of                  
deltaC morpholino that yielded segmental defects corresponding to those of mutants with a null allele 
(Julich et al., 2005b). The similarity of mutant and morphant phenotypes indicated that DeltaC protein 
levels were strongly reduced in morphant embryos.  
 
As it was the spatial distribution of DeltaC expression on both the tissue and the subcellular level that 
was the primary interest of this study, specificity assessment was carried out by analysis of expression 
patterns in the anterior PSM of control or deltaC morpholino injected embryos. Multiple bands were 
detected upon western blot analysis of the antisera, and assessment of specificity using lysates of both       
deltaC morpholino and deltaC mRNA injected embryos yielded ambiguous results (data not shown). 
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In control embryos stained with dlc 6869 antiserum, immunoreactivity was detected in stripes in the 
anterior PSM, while immunoreactivity in the PSM dropped below detection levels upon injection of 
deltaC morpholino (Fig. 12A,A’). Although stripes of immunoreactivity observed in the anterior PSM 
of control embryos stained with either M1243 or M1260 antiserum (Fig. 12B,C) were not detected in 
deltaC morpholino injected embryos, there was residual staining in more posterior regions of the PSM 
(Fig. 12B’,C’), and at the margins of the PSM in the case of M1260 antiserum (Fig. 12 C’).  
 
The DeltaC protein sequence is 48% identical and 80% similar to the DeltaD sequence as assessed by 
ClustalW 2.0.8 multiple sequence alignment (http://www.ebi.ac.uk/Tools/clustalw2/index.html). 
Expression of deltaD mRNA is disrupted, but persists, in deltaC morpholino injected embryos (Fig. 
12D,D’). In order to investigate whether some of the residual staining observed in deltaC morpholino 
injected embryos stained with either M1243 and M1260 antiserum resulted from crossreactivity with 
DeltaD, immunoreactivity was monitored in aei embryos as compared to their wt siblings. The mutant 
allele used, aeitr233, generates a premature stop in the 5th EGF repeat of DeltaD (Holley et al., 2000), 
and the mutant protein therefore contains only part of the region corresponding to M1260, and none of 
the region corresponding to M1243 or dlc 6869. Therefore, a reduction in levels of immunoreactivity 
would be expected to occur in aei mutant emryos if the antisera recognized DeltaD. DeltaC 
immunoreactivity in aei mutants was not organized in stripes, but in a broad expression domain in the 
anterior PSM in all embryos (Fig. 12D’,E’,F’ and Fig. 17), thereby recapitulating the expression 
pattern of  deltaC mRNA in these mutants (Jiang et al., 2000). However, the overall level of 
immunoreactivity did not seem to differ between wt and aei embryos (Fig. 12D-F’), indicating that 
neither M1243 nor M1260 antiserum recognized DeltaD. This conclusion was further supported by the 
finding that DeltaC and DeltaD immunoreactivity colocalized only to a very small degree (Fig. 22). 
 
Combined, these findings indicate that all three antisera recognize DeltaC in the anterior PSM. 
However, only dlc 6869 antiserum seemed to be specific for DeltaC, whereas there appeared to be 
some crossreactivity of M1243 and M1260 antisera with unknown antigens in the posterior PSM, and 
also at the margins of the PSM in the case of M1260 antiserum. Therefore, dlc 6869 antiserum was the 
reagent of choice for further studies. 
 
No specific DeltaC immunoreactivity was detected in the posterior PSM, in agreement with results 
published while this study was carried out (Giudicelli et al., 2007). This was surprising because   
deltaC mRNA is cyclically expressed throughout the PSM (Fig. 2C). However, oscillations of deltaC 
mRNA are thought to be faster in the posterior than in the anterior PSM (Giudicelli et al., 2007), and 
expression levels are lower in the posterior than in the anterior PSM. If protein expression closely 
matched mRNA expression, protein turnover would be faster in the posterior PSM, and levels of 
DeltaC expression might be too low for it to be detected in this region with the available reagents. 
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Figure 12. Assessment of antibody specificity 
(A-C’, E-F’) Confocal sections through the PSM of 10 somite stage zebrafish embryos. 
Immunoreactivity was monitored in at least six embryos from two independent trials per experimental 
condition, and exemplary images are displayed. Green: immunoreactivity with indicated antiserum. 
Blue: nuclear counterstain. Bars: AP positions of the most recently formed somite boundary in control 
embryos. A region of the anterior PSM at the same AP position is shown for morphant and mutant 
embryos, where somite boundaries are disorganized. Arrows: striped expression of DeltaC in control 
embryos. dlc MO, deltaC morpholino. (A-C’) Brackets: unspecific immunoreactivity in control or 
morphant embryos. (E-F’) Brackets: broad domain of immunoreactivity in the anterior PSM of aei 
embryos. Dorsal view with anterior to the top. Scale bar = 25 µm. (D,D’) Expression of deltaD mRNA 
in uninjected and deltaC morphant embryos. Dorsal view with anterior to the top. Modified from 
(Oates et al., 2005). 
 
 
 
To further characterize the antisera, deltaC mRNA was injected at doses that specifically induced 
somitic phenotypes like disorganized somite boundaries (Fig. 13), and that could be detected by in situ 
hybridization using deltaC exonic probe (data not shown). Surprisingly, there was no detectable 
increase in immunoreactivity with either of the DeltaC antisera (Fig. 14). However, there must have 
been a physiologically significant increase in DeltaC protein concentration as judged by the occurrence 
of somitogenesis defects (Fig. 13). Consistent with the conclusion, functionally important levels of 
Delta protein can be so small as to be undetectable by immunohistochemistry (Itoh et al., 2003).  
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Figure 13. Disruption of somite boundaries upon overexpression of DeltaC 
Photographs of somites 1-4 in live embryos at 10 somite stage. Somite boundary formation was 
monitored in ten embryos from two independent trials per experimental condition, and exemplary 
images are displayed. Bars: anterior boundary of the first somite. Arrows: defective somite boundaries 
in deltaC mRNA-injected embryos. dlc mRNA, deltaC mRNA. Dorsal view with anterior to the top. 
Scale bar = 50 µm. 
 
 
Figure 14. DeltaC immunoreactitvity upon overexpression of DeltaC 
Confocal sections through the PSM of 10 somite stage zebrafish embryos. Immunoreactivity was 
monitored in ten embryos from two independent trials per experimental condition, and exemplary 
images are displayed. Red: expression of eGFP mRNA that was either injected alone as a control, or 
coinjected with deltaC mRNA to visualize its localization. Green: immunoreactivity with the indicated 
antiserum. Blue: nuclear counterstain. Bars: AP position of the most recently formed somite boundary, 
arrows: striped expression of DeltaC in control and injected embryos. Dorsal view with anterior to the 
top. Scale bar = 25 µm.  
 
 
 
Dynamics of DeltaC and DeltaD expression patterns  
 
In order to investigate whether DeltaC protein levels are cyclic, expression patterns were compared in 
embryos fixed at the same time point, the rationale being that these embryos will be at slightly different 
developmental stages due to slightly different developmental speeds, and that different embryos should 
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therefore be in a different phases of their oscillation cycle. The position of the most anterior DeltaC 
stripe relative to the most recently formed somite boundary was the same in all embryos observed, 
indicating that this stripe has been arrested in the anterior PSM. In contrast, the position of the second 
DeltaC stripe relative to the most recently formed somite boundary was variable between different 
embryos, as it was located more anteriorly with decreasing intensity of the first stripe (Fig. 15). The 
variability in position of corresponding stripes of gene expression between different embryos is a 
defining fingerprint of cyclic gene expression (Holley et al., 2000; Holley et al., 2002). These results 
are consistent with cyclic expression of DeltaC in the anterior PSM.  
 
 
Figure 15. DeltaC expression dynamics in the anterior PSM 
Confocal sections through the PSM of 10 somite stage zebrafish embryos. Expression patterns in the 
anterior PSM were monitored in eight embryos, and images exemplary for different phases are 
displayed. (A-C) Green: immunoreactivity with dlc 6869 antiserum. Blue: nuclear counterstain.      
(A’-C’) Immunoreactivity with dlc 6869 antiserum in (A-C). (A’’-C’’) Cartoon of DeltaC expression in 
(A-C). Bars: AP position of the most recently formed somite boundary, asterisks: AP position of the 
anterior border of a protein expression stripe. Dorsal view with anterior to the top. Scale bar = 25 µm.  
 
 
The AP positions of corresponding DeltaD stripes relative to the most recently formed somite 
boundary, in different embryos fixed at the same time point, were not variable (Fig. 16). However, 
expression was dynamic insofar as stripes switched on in the middle of the PSM, increased in intensity, 
and declined again the more anteriorly they became located in the PSM, concomitantly with embryonic 
growth. These results indicated that though dynamic, DeltaD expression likely is not cyclic, thereby 
recapitulating the dynamics of deltaD mRNA expression. 
 
  39 
 
Figure 16. DeltaD expression dynamics in the anterior PSM 
Confocal sections through the PSM of 10 somite stage zebrafish embryos. Expression patterns in the 
anterior PSM were monitored in eight embryos, and images exemplary for different phases are 
displayed. (A-C) Green: immunoreactivity with zdd2 antibody. Blue: nuclear counterstain.               
(A’-C’) Immunoreactivity with zdd2 antibody in (A-C). (A’’-C’’) Cartoon of DeltaD expression in    
(A-C). Bars: AP position of the most recently formed somite boundary, asterisks: position of the 
anterior border of a protein expression stripe. Dorsal view with anterior to the top. Scale bar = 25 µm.  
 
 
 
Spatial and temporal relationship of deltaC mRNA and DeltaC protein 
expression 
 
The temporal oscillations of the segmentation clock are mapped out in space in stripes of cyclic gene 
expression observed in the PSM. The spatial relationship of deltaC mRNA and DeltaC protein 
expression patterns might therefore yield information about their temporal relationship. 
 
In situ hybridization for deltaC mRNA was followed by detection of DeltaC using M1243 antiserum in 
the same embryo. M1243 antiserum was chosen over dlc 6869 antiserum in these experiments because 
it worked best in embryos after in situ hybridization. A comparison of the relative positions of deltaC 
mRNA and DeltaC protein stripes revealed that expression of mRNA and protein were approximately 
in phase, with the most anterior protein expression stripe positioned about one somite’s length anterior 
to the most anterior mRNA expression stripe. This finding suggested that protein expression is delayed 
relative to mRNA expression by approximately one somite cycle. The approximate delay between the 
onset of transcription of the deltaC gene at the anterior edge of a stripe of mRNA expression, and the 
  40 
appearance of DeltaC protein in punctate structures, may therefore be estimated to be approximately 
23.5 min, the period of the segmentation clock at 28°C (Schroter et al., 2008).  
 
However, the spatial correlate of the time point in the DeltaC expression cycle when DeltaC is first 
produced, or when it is first able to activate Notch, is not known, and it may be that neither of them 
corresponds to the time point when DeltaC appears in punctate structures which is where the available 
antisera detect it. Therefore, estimates for either the translational delay or the delay in signal sending 
cannot be obtained using this experimental approach. 
 
 
 
Figure 17. Spatial and temporal relationship of deltaC mRNA and DeltaC protein expression in the 
PSM 
Confocal sections through the PSM of 10 somite stage zebrafish embryos. Expression patterns were 
monitored in eight embryos, and images exemplary for different phases are displayed. (A-C) Red: 
deltaC mRNA expression visualized with Fast Red chemistry. Green: immunoreactivity with M1243 
antiserum. Blue: nuclear counterstain. (A’-C’) Immunoreactivity with M1243 antiserum in (A-C).  
(A’’-C’’) deltaC mRNA expression in (A-C). (A’’’-C’’’) Cartoon of deltaC mRNA and DeltaC 
expression in (A-C). Bars: AP position of the most recently formed somite boundary, green and red 
asterisks: AP position of the anterior border of protein and mRNA expression stripes, respectively. 
Dorsal view with anterior to the top. Scale bar = 50 µm.  
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Subcellular localization of DeltaC and DeltaD 
 
Endocytosis of DeltaC and DeltaD depends on the E3 ubiquitin ligases Mib and Mib2 in the inner ear 
and gut of zebrafish, and in cell culture (Crosnier et al., 2005; Itoh et al., 2003; Zhang et al., 2007a; 
Zhang et al., 2007b). In mibta52b mutants, an amino acid substitution in the RING finger domain 
abolishes the catalytic activity of Mib, and the mutant protein acts as a dominant-negative with respect 
to Mib2 (Zhang et al., 2007a; Zhang et al., 2007b), resulting in an antimorphic phenotype (Zhang et al., 
2007b). Delta endocytosis is required for proper activation of Notch signaling in many contexts (Chen 
and Casey Corliss, 2004; Itoh et al., 2003; Koo et al., 2005a; Koo et al., 2005b; Lai et al., 2005; Le 
Borgne et al., 2005; Overstreet et al., 2004; Song et al., 2006; Wang and Struhl, 2004; Wang and 
Struhl, 2005; Yoo et al., 2006; Zhang et al., 2007a; Zhang et al., 2007b), and it has been proposed that 
the mechanistic basis for the requirement of Delta endocytosis is the fact that Delta needs to enter a 
select endocytic compartment to become signaling-competent, and that access to this compartment 
depends on Delta ubiquitination (Wang and Struhl, 2004). However, the identity and function of this 
compartment are unknown, and alternative hypotheses, like production of signaling exosomes, or 
pulling of ligand to induce conformational changes facilitating receptor cleavage (Fig. 8, (Le Borgne et 
al., 2005; Le Borgne and Schweisguth, 2003a), have not been ruled out.  
 
Transcription and translation of DeltaC have been estimated to occur in tens of minutes (Lewis, 2003), 
and trafficking of Delta through the endocytic pathway also is time-consuming, and likely occurring on 
a similar timescale (Emery et al., 2005; Le Borgne and Schweisguth, 2003b). Therefore, the time point 
of a signaling event mediated by a mature Delta protein at its site of action will likely be considerably 
delayed relative to the time point of initiation of transcription of the delta gene, which is why Notch 
mediated coupling between individual PSM cells is expected to be delayed. Combined with the 
hypothesis that Delta needs to be modified within some endocytic compartment to become signaling-
competent, these findings suggest that Delta trafficking might be a rate-limiting step in Notch 
signaling. Defective trafficking of Delta in mib mutants might therefore lead to an increase in signaling 
delays. As DeltaC and DeltaD have been implicated in the function of the segmentation clock in 
zebrafish, an increase in signaling delay might influence the timing of segmentation clock oscillations, 
and thereby underlie the slow somite formation phenotype observed in this mutant. To test this 
hypothesis, the trafficking of DeltaC and DeltaD within the endocytic pathway was characterized in the 
anterior PSM of wt and mib mutant embryos.  
 
Flat mounting of embryos at the 10 somite stage, which was the stage of choice for characterization of 
the tissue level expression dynamics of DeltaC and DeltaD, is somewhat time-consuming. Therefore, 
embryos at 16 somite stage were used for investigation of Delta subcellular distribution, which 
facilitated experimental procedures because embryos at this stage can be more easily mounted. 
Expression dynamics and overall expression levels were similar at 10 and 16 somite stages (data not 
shown). 
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Both DeltaC and DeltaD were detected in small punctate structures in the anterior PSM. Most of these 
structures were cytoplasmic, and only a minor fraction colocalized with a plasma membrane marker 
(Fig. 18). In contrast to observations in Drosophila and cell culture, none of the DeltaC or DeltaD 
immunoreactivity seemed to be evenly distributed on the plasma membrane. Drosophila Delta is 
localized at the plasma membrane as well as in endocytic vesicles (Kooh et al., 1993), and DeltaC and 
DeltaD proteins overexpressed in cell culture show the same distribution (Chen and Casey Corliss, 
2004; Itoh et al., 2003; Zhang et al., 2007a). The fact that only a small fraction of both DeltaC and 
DeltaD was observed at the plasma membrane might be explained by two facts that are not mutually 
exclusive. First, protein amounts on the cell surface may be too small to be detected by the reagents 
used. Second, this finding may reflect a tight regulation of DeltaC and DeltaD levels on the cell 
surface, which seems plausible in the context of the segmentation clock, whose function depends on 
proper regulation of the level of Notch signaling.  
 
Figure 18. Subcellular distribution of DeltaC and DeltaD immunoreactivity in zebrafish PSM 
Confocal sections through cells in the anterior PSM of 16 somite stage zebrafish embryos. Subcellular 
distribution was monitored in twelve embryos from three independent trials for each reagent, and 
exemplary images are displayed. Green: immunoreactivity with dlc 6869 antiserum (DeltaC) or zdd2 
antibody (DeltaD). Red: Glycosyl-phosphatidyl-inositol (GPI)-anchored mRFP as plasma membrane 
marker. Blue: nuclear counterstain. Arrowheads: cytoplasmic Delta containing structures, arrows: 
colocalization between plasma membrane marker and Delta structures. Scale bar = 5 µm.  
 
 
Subcellular distribution of DeltaC and DeltaD in wt and mib embryos 
 
The subcellular distribution of DeltaC and DeltaD in wt and mib embryos was characterized, the 
rationale being that protein localization should be altered in mutant embryos if the Delta puncta 
observed were Mib-dependent endocytic vesicles. Prior to immunohistochemistry, the genotype of 
embryos from matings of mib heterozygous adults was assigned as wt/heterozygous or mutant based on 
the mutants’ defects in posterior somitogenesis. As the only somitogenesis phenotype apparent in 
heterozygous embyos was a very subtle increase in somitogenesis period (see Part 2 for details), 
heterozygous embryos were included in control populations in colocalization experiments, and 
embryos designated ‘wt’ in Fig. 18-23 were taken from these populations. Both DeltaC and DeltaD 
were expressed in a broad domain in the anterior PSM that did not differ in position or expression 
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levels between different embryos in mib mutants at both the 10 and 16 somite stage (data not shown), 
thereby recapitulating mRNA expression patterns (Holley et al., 2000; Jiang et al., 2000).  
 
DeltaC subcellular distribution was not detectably changed in mib embryos (Fig. 19A,B). The global 
level of immunoreactivity seemed to be slightly increased, but with incomplete penetrance (Fig. 
19A,B, Fig. 20E,E’,J,J’). Expression of DeltaD differed in two respects between wt and mib embryos. 
Levels of immunoreactivity were higher, and immunoreactivity was localized to both the plasma 
membrane and cytoplasmic vesicles (Fig. 19C,D). The effect of the mib mutation on subcellular 
distribution of both DeltaC and DeltaD seemed to be somewhat variable between different experiments 
(Fig. 19 and Fig. 20), but the reasons for these discrepancies remained elusive. 
 
The increase in levels of both DeltaC and DeltaD immunoreactivity and the redistribution of DeltaD to 
the plasma membrane in mib embryos is consistent with a role for Mib-dependent endocytosis in Delta 
trafficking in vivo in a developing embryo. Levels and localization of DeltaC and DeltaD seemed to be 
differentially sensitive to the presence of the mutant Mib, in agreement with previous results from cell 
culture (Zhang et al., 2007a).  
 
Figure 19. Subcellular distribution of DeltaC and DeltaD in wt and mib embryos 
Confocal sections through cells in the anterior PSM of 16 somite stage zebrafish embryos. Cells from 
corresponding AP positions are shown for wt and mib embryos. Subcellular distribution was 
monitored in ten embryos from three independent trials for each reagent, and exemplary images are 
displayed. (A-D) Green: immunoreactivity with dlc 6869 antiserum (DeltaC) or zdd2 antibody 
(DeltaD). Blue: nuclear counterstain. (A’-D’) DeltaC or DeltaD immunoreactivity in (A-D). Scale bar 
= 10 µm.  
 
 
Colocalization of DeltaC and DeltaD with subcellular compartment markers in 
wt and mib embryos 
 
In order to characterize the subcellular compartments that DeltaC and DeltaC are localized to in the 
PSM, zebrafish embryos were injected at the one cell stage with mRNA encoding a variety of 
fluorescently tagged markers of cellular subcompartments, followed by immunodetection of DeltaC or 
  44 
DeltaD. Of the markers used, Rab5 and Rab7 localize to early and late endosomes, respectively 
(Chavrier et al., 1990). Transport between late endosomes and the TGN is mediated by Rab9 (Barbero 
et al., 2002; Lombardi et al., 1993). Rab11 regulates recycling through the pericentriolar recycling 
endosome (Ullrich et al., 1996), whereas Rab4 functions in peripheral sorting and recycling endosomes 
(Van Der Sluijs et al., 1991). Caveolin is involved in clathrin-independent endocytosis via caveolae 
(Rothberg et al., 1992). Vesicle Associated Membrane Protein 2 (VAMP2) functions in exocytosis 
(Calakos et al., 1994). Glycosyl-phosphatidyl-inositol (GPI)-anchored mRFP was used as a plasma 
membrane marker. The endoplasmic reticulum (ER) targeting sequence of calreticulin (Fliegel et al., 
1989) and the ER retrieval sequence KDEL (Munro and Pelham, 1987; Pelham, 1996) were used to 
target a fluorescent protein to the ER, and part of β-1,4-galactosyltransferase (GT) served to target a 
fluorescent protein to the trans-medial region of the Golgi network (Gleeson et al., 1994; Llopis et al., 
1998; Yamaguchi and Fukuda, 1995). Visualization of lysosomes was attempted by injection of 
LysoTracker® and by immunohistochemistry with two different antibodies directed against Lysosomal 
Associated Membrane Protein 1 (LAMP1), but no specific visualization could be obtained by either 
approach (data not shown). None of the injected mRNAs yielded a phenotype at the concentrations 
used, except for eYFP-Rab4, which proved to be toxic at early stages and therefore could not be 
analyzed further (data not shown).  
 
Colocalization of DeltaC and DeltaD with this set of markers was characterized in wt and mib 
embryos. Levels of immunoreactivity were variable between different experiments, as well as the 
distribution between cells and the expression levels of the injected tagged vesicle markers (Fig. 20). 
These irregularities precluded quantitative analysis of the data set, which only allowed for a qualitative 
assessment of colocalization. The degree of colocalization of either DeltaC or DeltaD with any one of 
the markers was not qualitatively different when wt and mib embryos were compared. There also was 
no detectable difference between DeltaC and DeltaD colocalization with any one particular marker in 
either wt or mib embryos (Fig. 20).  
 
Marginal colocalization was observed with either Rab5 (Fig. 20A-A’’’), Rab7 (Fig. 20B-B’’’) or 
caveolin (Fig. 20E-E’’’). Some colocalization was observed with the recycling endosomal marker Rab9 
(Fig. 20C-C’’’), but not with Rab11 (Fig. 20D-D’’’). There was partial overlap with VAMP2 positive 
exocytic vesicles (Fig. 20 F-F’’’) and with the plasma membrane (Fig. 20G-G’’’ and Fig. 18). Overlap 
of DeltaC or DeltaD with markers of biosynthetic compartments was marginal (Fig. 20 H-H’, J-J’).  
 
Taken together, DeltaC and DeltaD were mainly detected in Rab9 compartments, in agreement with 
results from cell culture (Itoh 2003), and in VAMP2 compartments. These findings are consistent with 
Delta trafficking through a recycling compartment. 
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Figure 20. Colocalization of DeltaC and DeltaD with subcellular compartment markers in wt and 
mib embryos 
Confocal sections through cells in the anterior PSM of 16 somite stage zebrafish embryos. Cells from 
corresponding AP positions are shown for wt and mib embryos. Colocalization was monitored in       
20 confocal sections taken at 1 µm intervals from two embryos per experimental condition, with the set 
of images centered on the notochord. Exemplary images are displayed. Red: subcellular compartment 
marker as indicated. Green: immunoreactivity with dlc 6869 antiserum (DeltaC) or zdd2 antibody 
(DeltaD). Blue: nuclear counterstain. Arrowheads: colocalization between DeltaC or DeltaD and 
Rab9 or VAMP2 compartments. Scale bar = 5 µm.  
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Colocalization of DeltaC and DeltaD with Mind bomb 
 
If Mib-dependent endocytosis were an important step in Delta trafficking in the zebrafish PSM, Mib 
would be expected to physically interact with Delta in this tissue. To test this hypothesis, zebrafish 
embryos were injected with mRNA encoding Mib-mRFP, followed by immunodetection of DeltaC or 
DeltaD. Injection of mib-mRFP mRNA into wt embryos resulted in defects in somite boundary 
formation in embryos at 10 and 16 somite stage (data not shown), and in a slight reduction in embryo 
length at 30 hfp (Fig. 21 A,B). The Mib-mRFP fusion protein was functional as demonstrated by its 
ability to rescue both the body curvature and tail pigmentation phenotypes of mib embryos in a dose-
dependent manner (Fig. 21 C-F). 
 
 
Figure 21. Dose-dependent rescue of mib mutant phenotype by injection of mib-mRFP mRNA 
Photographs of live embryos at 30 hpf. Rescue was monitored in at least ten embryos per injected 
concentration, and exemplary images are displayed. Brackets: region of tail pigmentation phenotype in 
mib and rescued mib embryos. Lateral view with anterior to the left. Scale bar = 250 µm.  
 
Mib was localized in punctate cytoplasmic structures in the anterior PSM of zebrafish (Fig. 22), in 
accordance with findings from cell culture (Itoh et al., 2003; Zhang et al., 2007a; Zhang et al., 2007b). 
However, the almost complete overlap of Mib and Delta containing structures, as reported from cell 
culture systems (Itoh et al., 2003; Zhang et al., 2007a), could not be detected. Both Delta and Mib had 
been overexpressed in cell culture, raising the possibility that some of the colocalization observed may 
have been an effect of high levels of protein overexpression. Structures containing Mib and DeltaC or 
DeltaD were frequently located in immediate proximity to each other, but rarely colocalized (Fig. 22). 
However, similar structures were also observed with DeltaC or DeltaD and a number of subcellular 
compartment markers (Fig. 20), and both the specificity of these structures for the combination Mib-
Delta and their potential physiological significance were unclear. 
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Figure 22. Colocalization of DeltaC and DeltaD with Mind bomb 
Confocal sections through cells in the anterior PSM of 16 somite stage zebrafish embryos. 
Colocalization was monitored in ten embryos from three independent experimental trials for each 
reagent, and exemplary images are displayed. Red: Mib-mRFP. Green: immunoreactivity with          
dlc 6869 antiserum (DeltaC) or zdd2 antibody (DeltaD). Blue: nuclear counterstain. Arrows: 
structures containing Delta and Mib in immediate proximity. Scale bar = 10 µm.  
 
 
 
Colocalization of DeltaC with DeltaD 
 
Apart from differential sensitivity of DeltaC and DeltaD to the presence of mutant Mib, there were no 
detectable differences in subcellular distribution, in degree of colocalizaiton with different subcellular 
compartment markers, or in degree of association with Mib. To directly test whether DeltaC and 
DeltaD are trafficked through the endocytic pathway alongside, both proteins were simultaneously 
detected in the PSM of the same embryo. This was possible because DeltaC antisera had been raised in 
rabbits, whereas the DeltaD antibody had been generated in mouse. Surprisingly, only a small subset of 
DeltaC and DeltaD structures overlapped (Fig. 23), which seemed difficult to reconcile with the fact 
that both proteins seemed to localize to the same subcellular compartments (Fig. 20). However, it 
might be that differences in colocalization with different subcellular compartment markers were too 
subtle to be detected with the methods used. The mechanism of separate trafficking of DeltaC and 
DeltaD, and its potential physiological significance in the context of the zebrafish segmentation clock, 
remained elusive. 
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Figure 23. Colocalization of DeltaC and DeltaD 
Confocal section through cells in the anterior PSM of 16 somite stage zebrafish embryos. 
Colocalization was monitored in six embryos from two independent trials, and exemplary images are 
displayed. Red: immunoreactivity with zdd2 antibody (DeltaD). Green: immunoreactivity with dlc 6869 
antiserum (DeltaC). Blue: nuclear counterstain. Scale bar = 10 µm.  
 
 
 
Part 1 - Discussion 
 
At the beginning of this study, information about the expression patterns of either DeltaC or DeltaD in 
the zebrafish PSM was lacking. Three novel antisera against DeltaC, and a previously described 
DeltaD antibody (Itoh et al., 2003), were used to characterize expression dynamics on a tissue level, 
and protein trafficking on a subcellular level. The results presented here relating to the tissue level 
expression pattern of DeltaC, and its spatial and temporal relationship to deltaC mRNA, confirm and 
extend findings from a report published while this study was carried out (Giudicelli et al., 2007). 
 
DeltaC seems to be cyclically expressed in the anterior PSM (Fig. 15), whereas DeltaD is expressed in 
dynamic, but non-cyclic, stripes in the anterior PSM, and a U-shaped expression domain in the 
posterior PSM (Fig. 16). These protein expression patterns recapitulate the expression patterns of the 
respective mRNAs. DeltaC expression is delayed by approximately one somite cycle relative to mRNA 
expression (Fig. 17). However, an estimate of the delay time between any two defined time points in 
the mRNA and protein expression cycles could not be obtained from the experimental evidence 
presented here, because the mapping of phases of mRNA and protein expression cycles onto the spatial 
expression patterns observed in the PSM is not known. 
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On the subcellular level, immunoreacitivity of both DeltaC and DeltaD was detected in small punctate 
structures, most of which were cytoplasmic, and which rarely colocalized with a plasma membrane 
marker (Fig. 18). These results are in agreement with studies on the subcellular distribution of DeltaD 
in the prosensory patches of the zebrafish inner ear and in zebrafish gut (Crosnier et al., 2005; Itoh et 
al., 2003), and of DeltaC in the anterior PSM (Giudicelli et al., 2007). Levels and localization of 
DeltaD were altered in mib embryos (Fig. 19 and Fig. 20). This effect was also observed for DeltaC, 
but with incomplete penetrance (Fig. 19 and Fig. 20 J,J’). Combined, these findings suggest a role for 
Mib-dependent endocytosis in the trafficking of DeltaC and DeltaD in zebrafish PSM. 
 
DeltaC and DeltaD partially colocalized with Rab9, whereas colocalization with Rab11 was marginal 
(Fig. 20 C-C’’’,D-D’’’). Rab9 is involved in cargo transport from the late endosome to the TGN 
(Barbero et al., 2002; Lombardi et al., 1993). Rab11 functions in pericentriolar recycling endosomes 
(Ullrich et al., 1996). The differential colocalization of DeltaC and DeltaD with Rab9, but not Rab11, 
might reflect a functional requirement to gain access to some particular subset of recycling endosomes, 
as proposed for Drosophila Delta (Wang and Struhl, 2004). However, the nature of these 
compartments and their function in the production of signaling-competent Delta ligand remain elusive. 
Partial overlap of DeltaC and DeltaD was also observed with VAMP2 exocytic compartments. It is 
tempting to speculate that DeltaC and DeltaD might be endocytosed and trafficked to the TGN via 
Rab9 compartments, and delivered back to the plasma membrane via VAMP2 compartments. 
However, live imaging of the trafficking of tagged version of DeltaC or DeltaD would be required to 
substantiate these speculations.  
 
If Delta gained access to a functionally important compartment by means of Mib-dependent 
ubiquitination, it might be excluded from or its presence reduced in these compartments in a mib 
embryo. However, there was no qualitative difference in colocalization of either DeltaC or DeltaD 
between wt and mib embryos with any of the markers, and mosaicism in the expression of the injected 
markers (Fig. 20) precluded a quantitative assessment of colocalization in wt and mib embryos. 
Embryos transgenic for tagged compartment markers might circumvent the mosaicism resulting from 
mRNA injection, and therefore enable a quantitative analysis. The fact that no major redistribution of 
either DeltaC or DeltaD within the endocytic pathway was observed in mib mutants does not rule out 
the hypothesis that defective trafficking might underlie the mib phenotype. Evidence from Drosophila 
suggests that even subtle changes in trafficking can induce a Notch phenotype (Wang and Struhl, 
2004), and it seems unlikely that such small changes would have been detected with the method used.  
 
Marginal colocalization of both DeltaC and DeltaD was observed with a tagged version of zebrafish 
Mib (Fig. 21), a finding that seems difficult to reconcile with the hypothesis that Mib-mediated 
ubiquitination is an important step in Delta trafficking, because physical association of E3 ligase and 
substrate protein is required for the ubiquitination reaction. However, Mib could fulfill its catalytic role 
by short transient association with Delta, such that the amount of Delta associated with Mib at any one 
time point might be very small. It might also be that the punctate structures in which Mib was detected 
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in the experiments presented here were, potentially nonfunctional, overexpression artifacts, whereas 
functional Mib was evenly distribted in the cytoplasm.  
 
DeltaC and DeltaD were differentially sensitive to the presence of mutant Mib (Fig. 19), in agreement 
with cell culture studies (Zhang et al., 2007a). It was proposed that the residual activity of mutant Mib 
is enough to mediate proper endocytosis of DeltaC, but not DeltaD, with different thresholds of E3 
ligase activity needed for internalization. A lower threshold for DeltaC internalization might reflect a 
more tight control of subcellular localization of a cyclic as compared to a noncyclic protein.  
 
Only a minor fraction of DeltaC and DeltaD containing structures overlapped (Fig. 22), while the two 
proteins seemed to localize to the same endocytic compartments (Fig. 20). However, differences in 
localization of DeltaC and DeltaD to different endocytic compartments may have been too subtle for 
detection by the methods used. Alternatively, it might be that separate trafficking along the same 
endocytic route might be one of the mechanisms used by PSM cells to distinguish a cyclic from a non-
cyclic protein. Simultaneous live imaging of the trafficking of tagged versions of both DeltaC and 
DeltaD would be required to lend plausibility to these speculations.  
 
Mib might be required for sorting of DeltaC and DeltaD to different vesicles, and if this were true, the 
level of colocalization between the two proteins would be expected to increase in mib embryos as 
compared to their wt siblings. It might also be interesting to investigate whether association of DeltaC 
and DeltaC preferentially takes place in any one particular subcellular compartment. Experiments 
relating to trafficking of DeltaC as compared to DeltaD are currently underway. 
 
In summary, previous findings on Delta trafficking were confirmed and extended in vivo in a 
mesenchymal tissue, the zebrafish PSM. The initial hypothesis of this part of the study, the control of 
period of the segmentation clock at a molecular level by subcellular trafficking processes, could neither 
be confirmed nor excluded due to the limitations of the methods used, which were not suited to detect 
potentially subtle changes in subcellular localization of Delta in the mutant situation. However, the fact 
that both DeltaC and DeltaD were detected in Rab9 but not Rab11 recycling endosomal compartments 
is consistent with the hypothesis that Delta needs to enter a particular endocytic compartment in order 
to become signaling-active (Wang and Struhl, 2004).  
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Part 2 – Results 
 
The regulation of period, a basic feature of any oscillating system, remains unresolved for the 
vertebrate segmentation clock. Elucidation of the mechanism of period setting should yield important 
insight into the nature and function of the segmentation clock. The understanding of the function of the 
circadian clock in Drosophila has been greatly advanced by the identification of mutants that alter the 
period of the segmentation clock (Konopka and Benzer, 1971). The success of this genetic approach to 
an understanding of period setting motivated a screen for period mutants of the zebrafish segmentation 
clock. 
 
Somitogenesis period was measured in a pool of candidate mutants, the rationale being that the period 
of morphological somitogenesis should directly track the period of the clock. However, it could also be 
affected by other factors like delays in morphogenetic processes downstream of the establishment of 
the segmental pre-pattern. The classic Clock-and-Wavefront model of somitogenesis (Cooke and 
Zeeman, 1976) postulates a regulation of segment length by clock period and arrest wavefront velocity, 
a hypothesis that has since received powerful experimental support (Dubrulle et al., 2001; Horikawa et 
al., 2006; Sawada et al., 2001). Therefore, the co-existence of correlated changes in somitogenesis 
period and segment length, without changes in arrest front velocity, is a defining experimental 
fingerprint of a segmentation clock period mutant.  
 
 
 
Somitogenesis period is increased in Delta-Notch mutants and DAPT treated 
embryos 
 
Somitogenesis period was measured in a pool of candidate mutants. The Delta-Notch pathway and its 
target her genes, as well as the Fgf, Wnt and RA signaling systems, function in somitogenesis in 
vertebrates (Aulehla et al., 2003; Dequeant et al., 2006; Diez del Corral et al., 2003; Dubrulle et al., 
2001; Echeverri and Oates, 2007; Holley et al., 2002; Lewis, 2003; Oates and Ho, 2002; Sawada et al., 
2001). Therefore, mutants of the Delta-Notch pathway affecting the ligands after eight (aei/deltaD) and 
beamter (bea/deltaC), the receptor deadly seven (des/notch1a), and the E3 ubiquitin ligase involved in 
Delta trafficking mind bomb (mib) (Holley et al., 2000; Holley et al., 2002; Itoh et al., 2003; Julich et 
al., 2005b) were characterized. Somitogenesis period was also assessed in the acerebellar (ace/fgf8), 
masterblind (mbl/axin1) and no fin (nof/raldh2) mutants (Brand et al., 1996; Grandel et al., 2002; 
Heisenberg et al., 1996). Finally, the effect on somitogenesis period of DAPT, a small-molecule γ-
secretase inhibitor that attenuates Notch signaling (Geling et al., 2002; Horikawa et al., 2006; Riedel-
Kruse et al., 2007), was investigated.  
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Somitogenesis period was determined by time-lapse microscopy of closely staged embryos, using a 
protocol with minimal perturbation of embryonic development (Schroter et al., 2008). Briefly, 
photographs of individual embryos were taken every 5 min for 6 h, and the time of formation of each 
somite boundary was manually determined from the movies obtained. Somitogenesis period of 
individual embryos was determined by linear fitting of the data. Mutant embryos were obtained from 
heterozygous incrosses, and results were grouped according to individuals’ genotypes as assessed by 
PCR genotyping (see Experimental procedures for details).  
 
Comparison of somitogenesis dynamics showed that mib embryos form a smaller number of somite 
boundaries in a given time interval when compared to their wt siblings (Fig. 24A and Movies 1 and 2), 
indicating that somitogenesis period is increased in mib mutants. Somitogenesis in mib embryos did not 
deviate from the linear behavior observed in wt embryos (Fig. 24B,C), and its period was increased and 
constant until 10 somite stage, when mib embryos no longer form intact somite boundaries.  
 
 
Figure 24. Increase of somitogenesis period in mib embryos 
(A) Images from time-lapse movies of wt and mib embryos (Movies 1 and 2). Bars: formed somite 
boundaries, arrowheads: forming boundaries. Dorsal view with anterior to the top. Scale bar =50 µm. 
(B) Somite number vs. time plot for embryos in (A). Linear fits of wt and mib data indicate linearity    
(R2 (wt and mib) = 0.999), yielding somitogenesis periods of 20.5 min (wt) and 25 min (mib). (C) 
Distribution of somitogenesis periods in the experiment from which (A) and (B) were taken,            
(n(wt) = 12, n(mib) = 11). Blue bars: mean somitogenesis period. Temp. = 28.2 ± 0.1°C (mean ± 
standard deviation, SD).  
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The increase to 119 ± 2% (mean ± 95% confidence interval, CI) of the wt period in mib embryos was 
paralleled by an increase of 123 ± 4% in aei/deltaD embryos, whereas des/notch1a embryos displayed 
a smaller increase to 107 ± 3% of the wt period (Fig. 25). The smaller increase in des/notch1a embryos 
may be due to redundancy of Notch receptors in the PSM, because a blockade of all Notch receptors by 
delivery of saturating doses of DAPT (concentration ≥ 40 µM) resulted in a period change of 118 ± 1% 
close to aei/deltaD and mib mutant embryos. Somite boundary formation in bea/deltaC embryos was 
too irregular for meaningful measurement and this mutant was not analyzed further.  
 
There was no detectable change in somitogenesis period in either ace/fgf8, mbl/axin1 or nof/raldh2 
mutants (Fig. 25), indicating that the observed increase in somitogenesis period is not a general 
property of mutants defective in intercellular signaling pathways active in the PSM. These findings 
indicate that somitogenesis period is increased in experimental conditions with impaired Delta-Notch 
signaling.  
 
 
Figure 25. Increase of somitogenesis period in Delta-Notch mutants and DAPT-treated embryos 
Box plots of somitogenesis period for populations of control and mutant or DAPT-treated embryos,     
n ≥ 34 total embryos from at least four independent trials per experimental condition, except for 
ace/fgf8, mbl/axin1 and nof/raldh2, where n ≥ 16 embryos from two independent trials per 
experimental condition. DAPT plot shows pooled data from experiments using saturating DAPT. Box 
plots: The central box covers the interquartile range with the mean indicated by the small square and 
the median indicated by the line within the box. The whiskers extend to the 5th and 95th percentiles, and 
small bars depicts the most extreme values. One and two asterisks: p < 0.01 and p < 0.001, 
respectively, as assessed by Student’s t-test. 
 
 
In order to investigate whether heterozygous mutant embryos showed intermediate somitogenesis 
periods, heterozygotes were identified by PCR genotyping. There were no detectable period changes in 
aei/deltaD and des/notch1a heterozygous embryos, but a small increase of 103 ±1% was found in     
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mib heterozygotes (Fig. 26), suggesting that intermediate values of Delta-Notch coupling can yield 
intermediate somitogenesis periods. However, as the observed change was almost an order of 
magnitude smaller than that observed in homozygous mib mutants. Therefore, heterozygous embryos 
were included in control populations of segment length experiments (see below). Although variability 
of the control population must consequentially increase, inclusion of heterozygotes in the control 
population considerably simplified experimental procedures. 
 
 
Figure 26. Somitogenesis period of heterozygous Delta-Notch mutants 
Box plots of somitogenesis period for populations of heterozygous Delta-Notch mutants and their wt 
sibling embryos, n ≥ 37 total embryos from at least six independent trials per experimental condition. 
Two asterisks: p < 0.001 as assessed by Student’s t-test. 
 
 
In order to assess whether general developmental progression and tissue differentiation were affected 
in Delta-Notch mutants or DAPT-treated embryos, expression patterns of the markers of paraxial 
mesoderm spt/tbx16 (Griffin et al., 1998) and intermediate mesoderm gata1 (Detrich et al., 1995), and 
of egrb2/krox20 which marks the 3rd and 5th rhombomere (Oxtoby and Jowett, 1993) were 
characterized in control and experimental conditions. Expression of these markers was not detectably 
affected in mib embryos at the 10 somite stage (Fig. 27), which also was true for aei/deltaD and 
des/notch1a mutants and for embryos treated with saturating concentrations of DAPT (data not shown). 
The rate of axial elongation was also assessed, and was not detectably changed (see below). These 
results indicate that general developmental progression and tissue differentiation are not detectably 
affected during the time window of interest in any of the relevant experimental conditions.  
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Figure 27. Expression of mesoderm and ectoderm differentiation markers in mib embryos 
In situ hybridization with mesoderm and ectoderm markers in the PSM of wt/heterozygous and mib 
embryos at the 10 somite stage. (B) Elevated expression of isl-1 (expressed in interneurons and Rohon-
Beard neurons, n, out of focal plane) and (C) reduced expression of mespa (arrow) is observed in mib 
embryos, either of which was used to distinguish wt/heterozygous from mib embryos. Expression 
patterns were monitored in at least five embryos per experimental condition, and exemplary images 
are displayed. Dorsal view with anterior to the top. Scale bars = 25 µm.  
 
 
Segment length is increased in Delta-Notch mutants and DAPT-treated embryos 
 
According to the Clock and Wavefront model (Cooke and Zeeman, 1976), segment length should be 
increased in experimental conditions with increased segmentation clock period. However, an increase 
in segment length could also be due to an increase in arrest wavefront velocity. Arrest wavefront 
velocity depends on (i) the rate of arrest wavefront movement concomitant with axial elongation and 
(ii) the rate of arrest wavefront movement within the PSM. Two indicators of segment length, namely 
somite length and the distance between stripes of mespb expression in the anterior PSM, were 
characterized. Furthermore, the two variables determining arrest wavefront velocity, the rate of axial 
elongation and the rate of arrest wavefront movement within the PSM, were measured.  
 
Somite length was assessed in mib, aei/deltaD, des/notch1a, and DAPT treated embryos to determine 
whether it correlated with the observed increase in somitogenesis period. The length of somites two to 
five was measured from photographs of live embryos at the 6 somite stage. An increase in somite 
length could be observed in mib embryos as compared to their wt and heterozygous siblings (Fig. 28A, 
B and Fig. 24A). The maximum length difference detected in mib embryos was 110 ± 5%, similar to 
aei/deltaD and DAPT treated embryos, while there was no detectable increase in somite length for 
des/notch1a embryos (Fig. 28B).  
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Figure 28. Somite length is increased in Delta-Notch mutants and DAPT-treated embryos 
(A) Somites and anterior PSM of live embryos at the 6 somite stage. Bars: posterior boundaries of 
formed somites, arrowheads: forming boundaries. Dorsal view with anterior to the top.                   
Scale bar = 25 µm. (B) Mean values of relative somite lengths with 95% CI, n ≥ 40 embryos per 
experimental condition, except somite five in aei/deltaD embryos where n = 14, from six independent 
trials per experimental condition. Control populations comprise wt and heterozygous or DMSO treated 
siblings of mutant or DAPT treated embryos, respectively. For the control population, the largest CI 
detected among different experimental conditions at each somite is displayed. 
 
 
The striped expression of mespb in the anterior PSM is the earliest accessible measure of the position 
of future somite boundaries (Sawada et al., 2000). The distance between mespb stripes was determined 
as a measure of segment length at the level of the arrest front, and an increase of 118 ± 5% in segment 
length was observed in mib mutants as compared to their wt or heterozygous siblings (Fig. 29A,B), 
which closely matched the observed increase in somitogenesis period. Segment lengths were also 
increased in aei/deltaD and des/notch1a mutants, as well as in DAPT-treated embryos (Fig. 29B). Thus 
in all cases the length of segments at the level of the arrest front was larger in mutants than in their wt 
or heterozygous siblings.  
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Figure 29. Segment length as assessed by mespb expression is increased in Delta-Notch mutants 
and DAPT-treated embryos 
(A) In situ hybridization for mespb (arrowheads) and isl-1 (expressed in interneurons and Rohon-
Beard neurons, n) in wt and mib embryos. Dorsal view with anterior to the top. Scale bar = 50 µm.  
(B) Box plots of segment length for populations of control and mutant or DAPT-treated embryos, n ≥ 
40 embryos from at least three independent trials per experimental condition. 
 
 
 
Arrest wavefront velocity is not detectably changed in Delta-Notch mutants and 
DAPT-treated embryos 
 
As a next step, the rate of axial elongation was measured in different experimental conditions, as it is 
one of the parameters determining arrest wavefront velocity. Within the framework of the Clock and 
Wavefront model, a change in segment length can only be attributed to a change in segmentation clock 
period if arrest wavefront velocity is unchanged. Although the absolute size of embryos in a clutch was 
variable between different trials depending on the egg size from the mother, there was no detectable 
difference in embryo length between populations of control and mutant or treated embryos at any time 
point, or for any of the relevant experimental conditions (Fig. 30 and Movies 3 and 4). These findings 
indicated that general developmental progression is not detectably impaired in mutant or treated 
embryos, in accordance with results from gene expression studies (Fig. 27). Furthermore, this result is 
consistent with an unchanged arrest wavefront velocity in mutant or treated embryos. 
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Figure 30. Axial elongation is not detectably changed in Delta-Notch mutant and DAPT-treated     
embryos  
(A) Images from time-lapse movies of wt and mib embryos (Movies 3 and 4). White lines: line along 
which axial length was measured. Arrow: bulge in mutant brain due to neuronal hyperplasia, bracket: 
region containing irregular somite boundaries in the mutant. Lateral view with anterior to the left. 
Scale bar = 100 µm. (B-E) Plots of mean values of embryo lengths with 95% CI vs. elapsed recording 
time for different experimental conditions, n ≥ 4 embryos for each data point. The time points at which 
wt embryos reached the 4 or 10 somite stage are indicated. Values for control and mutant or DAPT 
treated embryos were not significantly different (p > 0.01 in all cases as assessed by Student’s t-test) at 
any time point or for any of the experimental conditions. 
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The position of the arrest wavefront in the PSM was proposed to correspond to the position of the 
posterior boundary of Mesp2 expression in the mouse PSM (Dequeant and Pourquie, 2008). 
Accordingly, the distance between the arrest wavefront and the posterior tip of the embryo in zebrafish 
was defined as d, the distance between the posterior boundary of the mespb expression domain and the 
posterior tip of the embryo (Fig. 31A). This distance shortens considerably in wt/heterozygous 
embryos from the 2 to 10 somite stage (Fig. 31B-E), and thereby determines arrest wavefront velocity 
together with the rate of axial elongation. There was no detectable difference in d between control and 
mutant or DAPT-treated embryos at any time point or for any of the relevant experimental conditions 
(Fig. 31B-E). Combined with the findings on the rates of axial elongation (Fig. 30), these results 
indicated that arrest wavefront velocity was not detectably changed in the relevant experimental 
conditions. 
 
 
Figure 31. Position of the arrest front within the PSM is not detectably changed in Delta-Notch 
mutant and DAPT-treated embryos 
(A) In situ hybridization for mespb (blue) and isl1 (blue; expressed in interneurons and Rohon-Beard 
neurons, n) and myoD (red) in the PSM of wt/heterozygous and mib embryos. Bracket: expression 
pattern of mespb, striped in wt and in a salt-and-pepper pattern in mib. Double-headed arrow:             
d, distance between the posterior boundary of mespb expression domain and the posterior tip of the 
embryo. Dorsal view with anterior to the top. Scale bar = 50 µm. (B-E) Plots of mean values of d with 
95% CI vs. developmental stage in different experimental conditions, n ≥ 10 from at least two 
independent trials for each data point. Values for control and mutant or DAPT treated embryos were 
not significantly different (p > 0.01 in all cases as assessed by Student’s t-test) at any time point or for 
any of the experimental conditions. 
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Stripe wavelength of deltaC cyclic gene expression is increased in mib mutant 
embryos 
 
The temporal oscillations of the segmentation clock are laid out in space in the striped expression 
patterns of cyclic genes observed in the PSM. In order to investigate how a change in segmentation 
clock period might influence gene expression patterns, a theoretical description of the segmentation 
clock was developed by Luis Morelli, Saúl Ares and Frank Jülicher (MPI-PKS, Dresden, Germany). 
This Delayed Coupling Theory (DCT) is based on a spatial array of phase oscillators that explicitly 
considers coupling and time delays in the information transfer between neighboring cells. Through the 
interaction of these coupled oscillators, a global period TG arises in the PSM (see below). The global 
period is the time taken for the gene expression patterns in the PSM to go through one cycle, and 
therefore also the period of somitogenesis. The DCT also considers the way cells slow their oscillations 
along a frequency profile, giving rise to dynamic stripes of gene expression. A brief outline of the basic 
concepts and implications of the DCT, as well as an as yet unpublished manuscript describing the 
technical details of the DCT and its implications for the study of oscillatory systems with delayed 
coupling, is provided below by courtesy of Luis Morelli, Saúl Ares and Frank Jülicher (Appendix 2).  
 
The DCT asserts that segment length S is determined by the velocity of the arrest front v and the global 
period of the clock TG according to  
 
S = vTG                (1) 
 
in agreement with a Clock-and-Wavefront mechanism (Appendix 2). Furthermore, the DCT describes 
the appearance of characteristic changes to the wavelength of oscillating gene expression patterns in the 
PSM of a mutant with altered period. The normalized positions x and wavelengths λ of the gene 
expression stripes are related by the formula:  
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where µ is the dimensionless ratio between the characteristic decay length of the frequency profile and 
the distance along the PSM over which this occurs, and s is the dimensionless ratio of segment length S 
and this distance (Appendix 2).  
 
To test the prediction that the wavelength of cyclic gene expression should be increased in a mutant 
with increased segmentation clock period, the wavelengths λ and normalized positions x of the dynamic 
stripe pattern of deltaC expression were determined in mib embryos and their wt/heterozygous siblings 
(Fig 32A). Luis Morelli, Saúl Ares and Frank Jülicher carried out data fitting and parameter significance 
evaluation. Fitting of the data indicated an increase in normalized segment length of 122 ± 3% in mib 
embryos without change to the frequency profile (Fig. 32B). Since arrest wavefront velocity was not 
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detectably altered, Eq. (1) indicates a change to global period similar to that obtained from 
somitogenesis period measurement. This agreement strongly supports the conclusion that the changes in 
somitogenesis period in mib embryos arise from changes to the oscillation of the cells in the PSM.  
 
Nuclei were visualized in a subset of embryos, and confocal sections through the PSM were taken at 
the level of the notochord. The number of nuclei in a rectangular region of interest comprising the 
anterior half of the PSM was determined using the Nucleus Counter plugin of ImageJ. There were no 
detectable differences in the number of nuclei in mutant embryos as compared to their wt/heterozygous 
siblings at 4 somite stage (100 ± 2 % for both populations, p > 0.01, n (wt) = n (mib) = 36 embryos 
from four independent trials). This finding indicated that the observed increase in stripe wavelength 
was not due to a change in cell density in the anterior PSM of mib mutants. 
 
 
Figure 32. Stripe wavelength is increased in mib embryos 
(A) In situ hybridization for deltaC and isl1 (expressed in interneurons and Rohon-Beard neurons, n) 
in wt and mib embryos. Scale bar = 50 µm. (B) Fit of Eq. (2) to normalized gene expression 
wavelength λ and position x; wt black, mib pink. Data points: n(wt) = 37 from 28 embryos,            
n(mib) = 41 from 28 embryos, from two independent trials. (C) Values of frequency profile µ and 
segment length s obtained from the fit to the data. Error bars show 95% CI from bootstrap analysis 
(see Experimental Procedures for details). Two asterisks: p < 0.001 as assessed by Student’s t-test.    
(B) and (C) by courtesy of Luis Morelli, Saúl Ares and Frank Jülicher. 
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Overview of segmentation variables in Delta-Notch mutants and DAPT-treated 
embryos 
 
An overview of the measurements of segmentation variables in the various experimental conditions 
(Table 1) reveals that the magnitude of some of the changes in period, segment length at the arrest 
front, and somite length was not well correlated. There was no consistent trend in these discrepancies, 
and their origin remained elusive. However, direction and order of magnitude of the observed changes 
were consistent in all experimental conditions. The experimental conditions presented here display 
correlated changes in somitogenesis period and segment length, with no detectable change in arrest 
wavefront velocity. Therefore, they are strong candidates for experimental conditions with altered 
segmentation clock period. 
 
Table 1. Segmentation variables in Delta-Notch mutants and DAPT-treated embryos 
Experimental 
condition 
% control 
period2 
(timelapse 
analysis) 
% control 
somite 
length3 
(5th somite) 
% control 
segment length4 
(mespb pattern) 
% control 
period5 
(deltaC stripe 
wavelength) 
Anterior Limit of 
Segmental Defects 
 
aei 123 ± 41 110 ± 5 108 ± 2 n.d6. 7 ± 2 (van Eeden et 
al., 1996) 
des 107 ± 3 100 ± 2 105 ± 3 n.d. 7 ± 2 (van Eeden et 
al., 1996) 
sat. DAPT 118 ± 1 108 ± 2 106 ± 2 n.d. 5.2 ± 0.2 (van Eeden 
et al., 1996, Riedel-
Kruse et al., 2007) 
mib 119 ± 2 109 ± 2 118 ± 5 122 ± 3 10 – 12 (Zhang et 
al., 2007a) 
 
1 Mean ± 95% CI. 2 Period measurements: aei/deltaD: n (wt) = 46, n (mutant) = 50, 6 independent 
trials; des/notch1a: n(wt) = 37, n (mutant) = 49, 6 independent trials; saturating DAPT: n (DMSO) = 
114, n (sat. DAPT) = 141, 12 independent trials; mib: n (wt) = 64, n (mutant) 73, 8 independent trials. 
3 Somite length measurements (5th somite): aei/deltaD: n (wt and het) = 78, n (mutant) = 14; 
des/notch1a: n (wt and het) = 112, n (mutant) = 43; sat. DAPT: n (DMSO) = 104, n (sat. DAPT) = 74; 
mib: n (wt and het) = 91, n (mutant) = 47, 6 independent trials for all experimental conditions. 4 
Segment length measurements: aei/deltaD: n (wt and het) = 132, n (mutant) = 69, 4 independent trials; 
des/notch1a: n (wt and het) = 80, n (mutant) = 41, 3 independent trials; sat. DAPT: n (DMSO) = 155, 
n (sat. DAPT) = 239, 8 independent trials; mib: n (wt and het) = 40, n (mutant) = 40, 4 independent 
trials. 5 Stripe wavelength measurements: mib: n (wt and het) = 37 data points from 28 embryos, n 
(mutant) = 41 data points from 28 embryos, 2 independent trials. The largest confidence intervals in 
control populations were 100 ± 2 for period and somite length, 100 ± 4 for segment length, and 100 ± 
4 for stripe wavelength in mib. 6 n.d., not done. 
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Continuous variation of somitogenesis period with DAPT concentration 
 
As all experimental conditions with a potential change in segmentation clock period have impaired 
Delta-Notch intercellular signaling, the magnitude and sign of the period change might reveal the 
underlying relationship between the cell-autonomous and collective processes active in the PSM. The 
DCT predicts a dependence of global period TG on autonomous and collective processes according to  
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with global period TG, period of uncoupled individual oscillators in the posterior PSM TA, coupling 
strength ε and delay in signaling τ (as illustrated in Fig. 33). 
 
 
Figure 33. The concept of a global period  
Schematic of autonomous and collective processes represented in Eq. (3). Individual oscillators 
(circles) in the posterior PSM cycle with period TA in the absence of coupling. Intercellular 
communication (arrows) is characterized by coupling strength ε and delay in signaling τ. The tissue 
oscillates with global period TG. 
 
Eq. (3) predicts a locally continuous variation of global period, and therefore somitogenesis period, 
with coupling strength ε and signal delays τ. These features of intercellular communication could 
potentially both be affected by impairment of Delta-Notch signaling. The fact that des/notch1a 
embryos (Fig. 25) and mib heterozygous embryos (Fig. 26) showed an intermediate somitogenesis 
period was consistent with this prediction. To further test this hypothesis, somitogenesis period was 
determined in embryos treated with different concentrations of DAPT (Fig. 34). There was a 
continuous variation of somitogenesis period over a range of DAPT concentrations with saturation 
reached at around 40 µM DAPT. Combined, these results suggested that the period measured in Delta-
Notch mutants and at saturating DAPT concentrations is not a distinct, alternative period taken by a 
compromised segmentation clock, but that intercellular signaling is a key fine tuning parameter in 
setting the period of the clock. 
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Figure 34. Continuous variation of somitogenesis period with DAPT concentration 
Plot of mean values with 95% CI of relative somitogenesis period vs. DAPT concentration, n ≥ 38 from 
at least four independent trials for each data point except at 70 and 100 µM, where n ≥ 18 from two 
independent trials. Orange data points are values at saturating DAPT concentrations displayed in     
Fig. 1C, and used for estimation of TA and τ. Dashed line: somitogenesis period at saturating DAPT. 
 
 
 
Parameter estimation of autonomous period and signaling delays 
 
Solving Eq (3) reveals a complex and coupling strength-dependent array of possibilities for global 
period and signaling delay in the segmentation clock, as shown in Fig. 35A (see also Appendix 2). 
However, the DCT solution corresponding to the zebrafish clock cannot be localized in this space 
without parameter estimates for TA, ε and τ from experimental data. To do this, a functional 
contribution must be assigned from the relevant experimental conditions to the elements of the DCT.  
 
The following simplifying assumptions were made for parameter estimation (i) autonomous period is 
essentially unaffected in DAPT-treated embryos during the time window of interest, and (ii) coupling 
strength ε approaches zero at saturating DAPT concentrations (Riedel-Kruse et al., 2007). Therefore, 
Eq. (3) reduces to TA = TDAPT, enabling an estimation of TA from the value of the somitogenesis period 
at saturating concentrations of DAPT. 
 
The period of autonomous osciallations in the tailbud TA was therefore estimated to be about 1.2 TG, 
indicating that the collective period is lower than the period of individual oscillators at the posterior 
end of the PSM. Coupling strength ε has been estimated to be 4/h in wt embryos (Riedel-Kruse et al., 
2007). By substitution of the values for ε and TA into Eq. (3), multiple values of coupling delay τ are 
obtained satisfying the wildtype global period TG = 23 min (Schroter et al., 2008) (Fig. 35A, dotted 
line). The smallest value for the signaling delay, corresponding to τ = 0.9TG is considered here, because 
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it is located on a unique and stable branch of the solution. With these estimates of autonomous period 
and signaling delay, corresponding to 28.2 min and 21.2 min, respectively, for a 10 somite stage 
embryo at 28ºC, the wt condition can be illustrated by plotting on the global period vs delay state 
diagram (Fig. 35A,B). This locates the zebrafish segmentation clock on the second stable branch of 
unique solutions of the global period equation of the DCT.  
  
In order to place the various experimental conditions on the global period vs. coupling delay state 
diagram, the biochemistry of the mutated or inhibited protein must be represented in the DCT by 
changes in the parameters TA, ε and/or τ. Previous work has shown that the coupling of oscillating cells 
is impaired in all Delta-Notch mutants (Horikawa et al., 2006; Jiang et al., 2000; Riedel-Kruse et al., 
2007) and in DAPT-treated embryos (Horikawa et al., 2006; Riedel-Kruse et al., 2007), indicating that 
coupling strength ε is reduced in all these conditions. This assignment does not need to distinguish 
between the different biochemical activities of ligands or receptors.  
 
To assign changes in τ, the known biochemistry of vertebrate Delta-Notch signaling has to be 
considered in more detail (Weinmaster and Kintner, 2003). For the zebrafish PSM, a Delta-Notch 
signaling event is complex (Giudicelli et al., 2007; Rida et al., 2004), beginning with the transcription 
of a delta gene, splicing and export of the mRNA and translation of the protein. This is followed by 
glycosylation, export to the cell surface, and trafficking of Delta through the endocytic pathway, which 
involves the Mindbomb E3 ubiquitin ligase and is required for efficient Delta-Notch signaling (Chen 
and Casey Corliss, 2004; Itoh et al., 2003; Le Borgne et al., 2005; Wang and Struhl, 2004). After 
ligand binding to Notch, which is already present on the target cell surface, γ-secretase cleavage rapidly 
releases the Notch intracellular domain, which enters the nucleus, binds to CSL which is already 
located at the target promoters, and activates target gene expression, thereby completing the signaling 
event. Preparation of the active Delta ligand by the signal-sending cell likely takes much longer than 
the events following Notch cleavage in the target cell. Thus, most of the coupling delay τ is attributable 
to processes in the signal-sending cell, and the contribution from events in the target cell can be 
neglected in first approximation. Mutants in des/notch1a or application of DAPT would therefore not 
be expected to alter the coupling delay τ. In contrast, reduction in the levels of active Delta in either 
aei/deltaD mutants, where bea/deltaC is still functional, or dysfunctional Delta trafficking in mib (Itoh 
et al., 2003; Zhang et al., 2007a), should increase the time taken to attain sufficiently high levels of 
Delta to trigger the target cell’s response. In addition to a reduction in coupling strength ε, it may 
therefore be expected that aei/deltaD and mib mutants to show an increase in coupling delay τ.  
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Figure 35. Global period of somitogenesis is a function of time delay as predicted by the DCT 
(A) State diagram of the solutions to Eq. (3). Lines show global period TG vs. coupling delay τ relation 
for different values of the coupling strength ε, as indicated. Stable and unstable solutions: solid and 
dashed lines, respectively. (B) Close-up of (A) displays the approximate positions of different 
experimental conditions in the state diagram. Black dot indicates wt for 10 somite stage at 28°C. 
Because the ALD of mib is between those of wt and des/notch1a, its coupling strength ε is assumed to 
be between those of wt and des/notch1a. The ALD of aei/deltaD is similar to that of des/notch1a, hence 
it is assumed that their coupling strengths are similar. Lines correspond to the TG vs. τ relation for: 
black ε = 0.07 min-1, pink ε = 0.05 min-1, green and red ε = 0.03 min-1, orange ε = 0 min-1. Figure by 
courtesy of Luis Morelli, Saúl Ares and Frank Jülicher.  
 
 
 
Part 2 – Discussion 
 
A number of experimental conditions with impaired Delta-Notch signaling, resulting from either 
genetic modification or pharmacological treatment, were shown to increase the period of somitogenesis 
in zebrafish (Fig. 24 and Fig. 25). Furthermore, segment length was correspondingly changed in these 
experimental conditions (Fig. 28 and Fig. 29), whereas no change in arrest wavefront velocity was 
detectable (Fig. 30 and Fig. 31). Combined, these findings indicate that segmentation clock period is 
increased in experimental conditions with impaired Notch signaling. The mutants presented here are 
the first candidate segmentation clock period mutants in any vertebrate. It will be important to 
investigate these experimental conditions using live imaging of an oscillating reporter gene, as is 
currently available for mouse embryo tail culture (Aulehla et al., 2008; Horikawa et al., 2006).  
 
The results obtained were interpreted within the framework of a novel theory of the segmentation clock 
in vertebrates, the Delayed Coupling Theory (Appendix 2). The relationship between stripe 
wavelength, stripe position in the PSM, frequency profile and segment length, as derived from the DCT 
and represented in Eq. (2), allowed for an estimation of the change in segmentation clock period from 
the spatial pattern of gene expression observed in the PSM of mib embryos (Fig. 32). The continuous 
variation of somitogenesis period at different concentrations of DAPT, as predicted by the DCT, could 
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be experimentally confirmed (Fig. 33). The relationship between global period and the autonomous and 
collective processes in and between PSM cells as represented in Eq. (3) allowed for an estimation of 
the values of the autonomous period TA and the delay in signal sending τ from the experimental data. 
Therefore, the DCT is in excellent agreement with the experimental findings presented here. Use of the 
DCT is by no means restricted to the analysis of the zebrafish segmentation clock, but can easily be 
extended to any similar architecture of coupled, delayed oscillators in a growing system, like 
somitogenesis in other vertebrates, and potentially also vertebrate limb outgrowth (Pascoal et al., 2007) 
and axial segmentation of invertebrate embryos (Damen, 2007). 
 
The magnitude of global period changes seemed not to directly track the synchrony decay times that set 
the position of the ALD in the relevant experimental conditions (see Table 1, (Jiang et al., 1996; Oates 
et al., 2005; Riedel-Kruse et al., 2007; Zhang et al., 2007b), a finding that at first glance seems 
counterintuitive. However, it has been shown that ALD depends on coupling strength (Riedel-Kruse et 
al., 2007), whereas global period is controlled by both coupling strength and delays in intercellular 
signaling within the framework of the DCT (Appendix 2). Different delays in intercellular signaling 
can therefore lead to different magnitudes of period changes, even in experimental conditions with 
similar coupling strength (as illustrated in Fig. 35).  
 
The magnitudes of the observed oscillation period changes are well within the range of those reported 
for the first period mutants of the Drosophila circadian clock (Konopka and Benzer, 1971), suggesting 
that biological clocks cannot adopt any particular period, but display oscillations only within a 
relatively narrow period range. Most of the genes implicated in period setting in the circadian clock 
fulfill their function as intracellular components of the core clockwork (reviewed in (Young and Kay, 
2001). However, experimental evidence suggested a role for intercellular neuropeptidergic signaling in 
synchronization and maintenance of clock oscillations as well as in period setting (Aton et al., 2005; 
Renn et al., 1999). Thus, period setting by collective processes as described here might be a widespread 
feature of biological clocks. 
 
The findings presented in this study, using the quantitative analysis of embryonic dynamics interpreted 
within the framework of the Delayed Coupling Theory, indicate that intercellular communication is an 
important factor in setting the global period of the segmentation clock. This approach might advance 
the understanding of the collective and autonomous processes at work in the segmentation clock of 
vertebrate embryos, and in other similar systems that feature linked oscillatory and growth processes. 
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Experimental Procedures 
 
Fish care and mutant stocks 
 
Zebrafish Danio rerio were raised and kept under standard laborary conditions (Westerfield, 2000). 
Embryos obtained from natural spawnings were staged as described (Kimmel et al., 1995). For 
obtaining closely staged embryos, two parental fish of relevant genotypes were placed in a mesh-
bottomed breeding box and allowed to produce embryos for approximately 15-20 min before 
harvesting. All wt fish used in this study were of the AB strain. Mutant alleles used were aeitr233, 
beatm98, desp37a and mibta52b (Jiang et al., 1996; van Eeden et al., 1996) and aceti282a (Brand et al., 1996), 
mbltm013 (Heisenberg et al., 1996) and nof u11 (Grandel et al., 2002).  
 
Vectors used and subcloning procedures 
 
All vectors used in this study were based on the pCS2+ expression vector (Fig. 36), produced by David 
Turner, Ralph Rupp and Jackie Lee (University of Michigan, MI, USA; unpublished). 
 
Figure 36. pCS2+ vector map 
The diagram shows the map of the expression vector pCS2+ that all constructs used in this study were 
based on. Modified from http://faculty.washington.edu/rtmoon/pcs2+.html. 
 
 
A number of vectors containing the sequences of fluorescently tagged markers of organelle identity, 
namely pCS2+ eYFP-rab5c, pCS2+ eYFP-rab4a, pCS2+ eYFP-rab11a, pCS2+ GPI-linked mRFP and     
pCS2+ caveolin1-eCFP, were obtained from members of the Heisenberg lab (MPI-CBG, Dresden, 
Germany), and the pCS2+ eCFP-rab7 vector was obtained from Marta Luz (Brand lab, BIOTEC, 
Dresden, Germany). Furthermore, pEYFP-Rab9a and pET-VAMP2-myc-his vector were obtained from 
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the Zerial lab (MPI-CBG, Dresden, Germany), and pEGFP-N3 with the eGFP sequence replaced by 
5xmyc and containing the sequence of the zebrafish mind bomb gene was a kind gift of Wen Biao Chen 
(Oregon Health and Science University, Portland, Oregon, USA). Inserts containing the rab9a, VAMP2 
and mib sequences were subcloned into pCS2+ containing either eYFP, eGFP or mRFP sequences, 
respectively, which were kindly provided by Magdalena Strzelecka (MPI-CBG, Dresden, Germany). 
Inserts containing the sequence of the protein of interest and the fluorescent protein from the pECFP-
Golgi and pEYFP-ER vectors (Clontech) were also subcloned into pCS2+. Furthermore, the coding 
sequence of the deltaC gene was subcloned from the pGEMTEasy vector into pCS2+. An overview of 
the insert structure of vectors used in this study is provided below (Fig. 37). 
 
 
Figure 37. Insert structure of vectors used 
Colored stretches represent fluorescent proteins. Gray stretches: sequence of protein of interest. White 
stretches: part of the MCS of pCS2+, which is where all inserts were located. 1: Hs calreticulin,         
2: KDEL, 3: Hs β-1,4-galactosyltransferase. Cf, Canis familiaris; Dr, Danio rerio; Hs, Homo sapiens; 
Rn, Rattus norvegicus. Accession numbers of sequences of genes of interest are NM_201501 (Dr 
rab5c), NM_200928 (Dr rab7), XM_537956 (Cf rab9a), BC163906 (Dr rab4a), XM_850496 (Cf 
rab11a), NM_001003296 (Cf caveolin 1), M84739 (Hs calreticulin), NM_001497 (Hs β-1,4-
galactosyltransferase), M24105.1 (Rn VAMP2), BC162095 (Dr deltaC) and NM_173286 (Dr mind 
bomb).  
 
 
For subcloning, a sequence of interest was PCR amplified from a source vector using a DNA Engine 
Tetrad2 PCR cycler (MJ Research). All PCR reactions for subcloning were carried out in a volume of 
100 μl, with final concentrations of 600 nM primers (Invitrogen), 0.5 mM dNTP mix (Sigma), 1x Taq 
polymerase buffer and 5 U of Taq polymerase (Protein Expression Facility, MPI-CBG). Sequences of 
subcloning primers are provided below (Table 2).  
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Table 2. Subcloning primer sequences 
Primer name Primer sequence (5’-3’) 
 
PCR conditions 
 
deltaC_cds for CGCATCGATCACCATGGCTCGTGTTTTATTAACG 
deltaC_cds rev GCGTCTAGACTATACCTCAGTAGCAAACAC 
  
  
  
94ºC – 2’ (initial), 
94ºC – 20’’ 
55ºC – 30’’ 
72ºC – 4’ (30x),  
72ºC – 10’ (final) 
 
rab9a for ACTCAGATCTCGAGTTATGG 
rab9a rev ATCAGTTATCTAGATCCGGG 
  
  
  
94ºC – 2’ (initial), 
94ºC – 20’’ 
55ºC – 30’’ 
72ºC – 1’30’’ (40x),  
72ºC – 10’ (final) 
   
VAMP2 for CCGGATCCCACCATGTCGGCTACCGCTGCCACCGTCC 
VAMP2 rev GGGGATCCAGTGCTGAAGTAAACGATGATGATG 
  
  
  
94ºC – 2’ (initial), 
94ºC – 20’’ 
55ºC – 30’’ 
72ºC – 1’ (40x),  
72ºC – 10’ (final) 
 
ER for CCGAATTCCACCATGCTGCTATCCGTGCCGTTGCTGC 
ER rev GCCTCGAGTTACAGCTCGTCCTTCTTGTACAGC 
  
  
  
94ºC – 2’ (initial), 
94ºC – 20’’ 
55ºC – 30’’ 
72ºC – 1’ (40x), 
72ºC – 10’ (final) 
 
Golgi for  CCGAATTCCACCATGAGGCTTCGGGAGCCGCTCCTGA 
Golgi rev CGCTCGAGTACTTGTACAGCTCGTCCATGCCGA 
  
  
  
94ºC – 2’ (initial), 
94ºC – 20’’ 
55ºC – 30’’ 
72ºC – 1’ (40x),  
72ºC – 10’ (final) 
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Table 2 (continued). Subcloning primer sequences 
Primer name Primer sequence (5’-3’) 
 
PCR conditions 
 
mib for GGATCCCACCATGACCACCGGCAGGAATAAC 
mib rev GAATTCTGGTAAAGCAGGATTCGGCGCTCGAT 
  
  
  
94ºC – 2’ (initial), 
94ºC – 20’’ 
59ºC – 30’’ 
72ºC – 3’ (40x),  
72ºC – 10’ (final) 
   
SP6 GATTTAGGTGACACTATAG 
  
  
  
  
  
  
for colony PCR 
 
94ºC – 2’ (initial), 
94ºC – 20’’ 
55ºC – 30’’ 
72ºC – 3’ (40x),  
72ºC – 10’ (final) 
 
 
PCR products were purified using a PCR purification kit (Qiagen), and PCR product and receiving 
vector were digested with restriction enzymes (New England Biolabs) according to manufacturer’s 
instructions. Restriction products were purified using a PCR purification kit (Qiagen), and ligation of 
purified fragments was carried out using T4 DNA ligase (New England Biolabs) according to 
manufacturer’s instructions. DNA from ligation reactions was transformed into competent E. coli of 
the DH5α strain, and bacteria were plated on Luria-Bertani (LB) agar plates containing 50 µg/ml 
ampicillin. Colonies were PCR screened for successful ligation using the vector-specific SP6 primer in 
combination with an insert-specific primer, and DNA from the desired colonies was isolated from      
E. coli liquid cultures using Miniprep or Midiprep kits (Qiagen). Sequences were verified by 
submitting samples to the in-house sequencing facility (DNA sequencing facility, MPI-CBG, Dresden, 
Germany). Technical details of subcloning procedures for individual vectors are provided below (Table 
3). A number of tagged constructs used in this study contained sequences of genes of interest from 
species other than zebrafish. However, the similarity between proteins involved in intracellular 
trafficking generally is very high across species (M. Zerial, personal communication), and it was 
therefore assumed that the tagged constructs would be targeted to the correct subcellular compartments 
also in zebrafish.  
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Table 3. Subcloning strategies for vector generation 
Construct Source vector Receiving vector Amplicon Restriction 
Sites 
 
pCS2+ rab9a eYFP pEYFP rab9a 
 
pCS2+ N-eYFP1 
 
rab9a XhoI/  
XbaI 
     
pCS2+ VAMP2 eGFP pET VAMP2-myc-his pCS2+ eGFP-C2 VAMP2 BamHI 
     
pCS2+ ER eYFP pEYFP-ER 
(Clontech) 
pCS2+ calreticulin– 
eYFP –  
KDEL cds 
EcoRI/ 
XhoI 
     
pCS2+ Golgi eCFP pECFP-Golgi 
(Clontech) 
pCS2+ β-1,4-GT –   
eCFP 
EcoRI/ 
XhoI 
     
pCS2+ deltaC cds pGEMTEasy  
deltaC cds 
pCS2+ deltaC ClaI/  
XbaI 
     
pCS2+ mib mRFP pEGFP-N3 (eGFP 
replaced by 5xMyc)  
pCS2+ N-mRFP1 
 
mind bomb BamHI/ 
EcoRI 
1for N-terminal tagging. 2 for C-terminal tagging. 
 
 
In vitro transcription 
 
For mRNA synthesis, the pCS2+ vector containing an insert of interest was linearized with NotI (New 
England Biolabs) according to manufacturer’s instructions. Restricted DNA was purified using a     
PCR purification kit (Qiagen), and in vitro transcription was carried out using an SP6 mMESSAGE 
mMACHINE® kit (Ambion) according to manufacturer’s instructions. The resulting mRNA was 
purified using an RNEasy kit (Qiagen) and eluted with RNase-free water. The concentration of mRNA 
in the purified sample was determined by spectrophotometry, and adjusted to the desired concentration 
with RNase-free water for storage at -20ºC.  
 
Morpholinos 
 
The control morpholino and anti-deltaC morpholinos dlcMO3 and dlcMO4 used in this study have 
been described previously (Oates and Ho, 2002; Oates et al., 2005a). All morpholinos used were 
supplied by GeneTools, and morpholino stocks and working solutions were prepared as previously 
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described (Riedel-Kruse 2007). Briefly, morpholino powder was diluted in sterile Danieau’s buffer to 
yield a 3 mM stock solution for storage at -20ºC. For preparation of working solutions, stocks were 
thawed and heated for 10 min at 65ºC. Potential precipitates were spun down after vortexing, and 
concentrations were checked on an Agilent 8453 UV-visible Spectroscopy system.  
 
Microinjection 
 
Before injection, reagents of interest were diluted to the desired concentration in sterile Danieau’s 
buffer (0.4 mM MgSO4, 0.6 mM CaCl2, 0.7 mM KCl, 58 mM NaCl, 5 mM Hepes pH 7.6). For better 
visualization of the injection bolus, the injection solution contained 1x Fast Green solution. Injection 
needles were produced by pulling 1.0 mm O.D. x 0.58 mm I.D capillaries (Harvard Apparatus) using a 
Flaming/Brown micropipette puller (Sutter Instruments).  
 
Embryos were injected at the one cell stage. Reagents of interest were supplied into the needle with a 
microloader tip (Eppendorf). The tip of the needle was gently opened immediately prior to injection 
using watchmaker’s forceps, and injections were carried out with a PV280 Pneumatic PicoPump 
(World Precision Instruments). Ejection pressure and solenoid open time were adjusted for each 
injection needle to achieve injection volumes of approximately 1 nl. Injection volume was estimated 
from measurements of the diameter of a bolus injected into drop of mineral oil (Sigma) placed onto the 
scale bar of a stage micrometer. Bolus diameter was measured before and after each set of injections. 
Pressure applied to prevent the streaming back of injection solution and yolk into the needle was 
approximately 5 psi (34 kPa). Working concentrations of all reagents used for injection are provided 
below (Table 4).  
 
Table 4. Working concentrations of injected reagents 
mRNA Concentration (ng/nl) 
 
eGFP 0.1 - 0.375 
eYFP rab5c 0.1 
eCFP rab7 0.2 
eYFP rab9a 0.2 
eYFP rab4a 0.1 
eYFP rab11a 0.2 
caveolin 1 eCFP 0.2 
VAMP2 eGFP 0.1 
GPI-anchored mRFP 0.1 
deltaC 0.25 + 0.125 eGFP mRNA 
mib mRFP 0.25 
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Table 4 (continued). Working concentrations of injected reagents 
Morpholino Concentration (mM) 
 
control MO 1 
dlcMO3 + dlcMO4 0.32 + 0.32 
 
LysoTrackerTM (Invitrogen) 1 mM 
 
 
 
Antibody production 
 
Antibodies against a peptide containing the 14 C-terminal amino acids of DeltaC were raised in rabbits, 
and serum was affinity-purified against the peptide (Eurogentec). The affinity-purified polyclonal 
serum was used for immunohistochemistry. 
Polyclonal sera to fragments of DeltaC were obtained in collaboration with Mike Tipsword, Martine 
Ruer and David Drechsel (Protein Expression Facility, MPI-CBG, Dresden, Germany) and Christoph 
Lorra (Antibody Facility, MPI-CBG, Dresden, Germany). Briefly, a set of primers at evenly spaced 
positions was designed to span the deltaC coding sequence (Fig. 38), and amplicons from all possible 
primer combinations were subcloned into a glutathione-S-transferase (GST)-tagging vector.  
 
 
Figure 38. Distribution of primers for fragment solubility screen along the deltaC coding sequence  
Positions of forward and reverse primers along the deltaC coding sequence are indicated by stretches 
in red and blue, respectively. Positions of amplicons that correspond to recombinant proteins used for 
antibody production are indicated. 
 
Solubility of different fragments expressed in E. coli was characterized by Enzyme-Linked 
Immunosorbent Assay (ELISA) using an anti-GST antibody (Fig. 39). Two fragments, M1243 and 
M1260, were chosen for antibody production for their good solubility and complementary positions 
along the DeltaC sequence. The GST-tagged versions of these fragments were purified from large-scale 
E. coli liquid culture using a glutathione-conjugated column, and rabbits were immunized according to 
standard immunization procedures. A mannose binding protein (MBP)-fusion of each fragment was 
purified from large-scale E. coli liquid culture and bound to a mannose-conjugated column. Antisera 
obtained from rabbits after immunization were affinity-purified on a column with the relevant MBP-
tagged recombinant protein in order to enrich DeltaC-specific as opposed to GST-specific 
immunoreactivity in the serum. Affininity-purified polyclonal antisera obtained were used for 
immunohistochemistry. 
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 1 2 3 4 5 6 7 8 9 10 11 12 
A 
1 8  
M1237 
2 8  
M1238 
3 8  
M1239 
4 8  
M1240 
5 8  
M1241 
6 8  
M1242 
7 8  
M1243 
8 8  
M1244   
Posit ive   
ELISA 
Control   
1 1    
M1272 
B 
1 7  
M1245 
2 7  
M1246 
3 7  
M1247 
4 7  
M1248 
5 7  
M1249 
6 7  
M1250 
7 7  
M1251   
Negat ive   
ELISA 
Control   
2 2    
M1271 
1 2   
M1270 
C 
1 6 
M1252 
2 6 
M1253 
3 6 
M1254 
4 6 
M1255 
5 6 
M1256 
6 6 
M1257   
Posit ive   
ELISA 
Control   
3 3    
M1269 
2 3   
M1268 
1 3   
M1267 
D 
1 5  
M1258 
2 5  
M1259 
3 5  
M1260 
4 5  
M1261 
5 5  
M1262   
Negat ive   
ELISA 
Control   
4 4    
M1266 
3 4   
M1265 
2 4   
M1264 
1 4   
M1263 
E 
1 4    
M1263 
2 4    
M1264 
3 4    
M1265 
4 4    
M1266   
Posit ive   
ELISA 
Control   
5 5    
M1262 
4 5   
M1261 
3 5   
M1260 
2 5   
M1259 
1 5   
M1258 
F 
1 3   
M1267 
2 3   
M1268 
3 3   
M1269   
Negat ive   
ELISA 
Control   
6 6    
M1257 
5 6   
M1256 
4 6   
M1255 
3 6   
M1254 
2 6   
M1253 
1 6   
M1252 
G 
1 2  
M1270 
2 2  
M1271   
Posit ive   
ELISA 
Control   
7 7    
M1251 
6 7   
M1250 
5 7   
M1249 
4 7   
M1248 
3 7   
M1247 
2 7   
M1246 
1 7   
M1245 
H 
1 1  
M1272   
Negat ive   
ELISA 
Control   
8 8     
M1244 
7 8  
M1243 
6 8  
M1242 
5 8  
M1241 
4 8  
M1240 
3 8  
M1239 
2 8  
M1238 
1 8    
M1237 
 
Figure 39. Representation of results from solubility screen of GST-tagged DeltaC fragments 
Fragments from all different combinations of primers were expressed, and protein concentration in the 
supernatant, which is an indicator of solubility, was assessed by ELISA as depicted here. Strength of 
the ELISA signal is indicated by different colors, with white and green indicating signals below or 
above threshold levels, respectively. For samples marked with orange, a second clone had to be 
picked. Blue squares represent empty wells, and positive and negative ELISA controls are both shown 
in pink. All samples are represented twice. Samples are marked with the numbers of the forward and 
reverse primers (Fig. 38) in red and blue, respectively, and named after a clone-allocated code. 
Figure by courtesy of Mike Tipsword (MPI-CBG, Dresden, Germany). 
 
 
 
Whole mount immunohistochemistry 
 
Embryos at the desired stages were fixed for 4 h at RT in 2% paraformaldehyde (PFA) (Sigma) in 
Phosphate Buffered Saline (PBS). After dechorionation in PBS/0.1% Tween (Sigma), embryos were 
transferred to a 24-well plate and permeabilized by washing three times for 30 min in PBDTA (1% 
Bovine Serum Albumine (BSA), 1% Dimethylsulfoxide (DMSO), 0.5% Triton X-100, 0.01% sodium 
azide in PBS). Embryos were blocked in PBDTA with 10% sheep serum (Sigma) for 2h at RT before 
incubation with primary antibody in PBTDA with 10% sheep serum for several hours at 4°C. Dilutions 
of primary and secondary antibodies for immunohistochemistry are provided below (Table 5). Primary 
antibody was removed and stored at 4°C for reuse, and embryos were washed four times for 30 min in 
PBDT before incubation with secondary antibody for 4h at RT. Secondary antibody was removed and 
stored at 4°C for reuse, and embryos were washed four times for 30 min in PBDT. If desired, nuclei 
were stained using Hoechst 33342 (Molecular Probes) fluorescent dye before transferring embryos into 
80% glycerol/20% PBS (see below).  
 
 
 
 
  76 
Table 5. Dilutions of antibodies for whole-mount immunohistochemistry  
Antibody Dilution Reference/Source 
 
Primary antibodies 
dlc6869 1:100 this study 
M1243 1:500 this study 
M1260 1:500 this study 
zdd2 1:500 Itoh 2003 
mouse anti-human LAMP-1 1:500 BD Biosciences Pharmingen 
Cat.-Nr. 555798 
rat anti-mouse LAMP-1 1:500 BD Biosciences Pharmingen 
Cat.-Nr. 553792 
 
Secondary antibodies 
goat anti-rabbit Alexa Fluor® 488 1:500 Molecular Probes 
Cat.-Nr. A-11008 
goat anti-mouse Alexa Fluor® 488 1:500 Molecular Probes 
Cat.-Nr. A-11001 
goat anti-rabbit Cy5 1:500 dianova GmbH 
Cat.-Nr. 111-175-003 
goat anti-mouse Cy5 1:500 dianova GmbH 
Cat.-Nr. 115-175-003 
donkey anti-rat Cy5 1:500 dianova GmbH 
Cat.-Nr. 712-175-150 
 
 
Hoechst staining 
 
For fluorescent staining of nuclei, fixed embryos were washed twice for 5 min in PBS and incubated 
for 20 min in 2 µg/ml Hoechst 33342 (Molecular Probes) in PBS. Hoechst staining solution was 
removed for storage at 4°C, and embryos were washed twice for 5 min before transfer into 80% 
glycerol/20% PBS.  
 
Confocal imaging 
 
Confocal images were acquired on either Zeiss LSM UV, Olympus FV-1000 or Leica TCS SP2 
confocal systems depending on the combination of fluorescent dyes used in the samples. Images were 
processed and figures assembled using ImageJ and Adobe Photoshop software.  
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Preparation of embryo extracts, and Western blotting 
 
For preparation of embryo extracts, chorions were manually removed from twenty embryos per sample 
at the desired stage. The procedure for deyolking of embryos was adapted from (Link et al., 2006). 
Briefly, the yolk sac was sheared through a pipette tip (200 μl tip, Sarstedt 70.760.502) in ½ 
Ginzburg-Ringer solution (55 mM NaCl, 1.8 mM KCl, 1.25 mM NaHCO3). Embryos were then shaken 
at 1100 rpm in an Eppendorf Thermomixer for 5 min at RT, and centrifuged at 300g for 5 min. The 
supernatant containing most of the yolk protein was removed, and pelleted embryo cells were washed 
with ½ Ginzburg-Ringer. Supernatant was removed to a final volume of 20 µl per sample, and either 
immediately processed for Western blotting, or stored at -20˚C.  
 
The solution containing the embryo cells was mixed with 20 µl of 2x Laemmli Buffer (4% sodium 
dodecyl sulfate (SDS), 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromphenol blue, 125 mM Tris 
HCl pH6.8), incubated at 95˚C for 5 min, and centrifuged at 10000g for 5 min at 4˚C. For Western 
analysis, 20 µl of embryo extract with Laemmli buffer, corresponding to approximately 20 µg of 
protein (V. Link, personal communication), were loaded on a 4/12% Tris/Glycine gel and 
electrophoretically separated in SDS running buffer (25 mM Tris Base, 192 mM glycine, 1% SDS) 
using a BIORAD gel electrophoresis chamber for 30-60 min at 10 mA per gel. Proteins were 
transferred onto a Protran® nitrocellulose membrane (Whatman) in transfer buffer (25 mM Tris Base, 
192 mM glycine, 20% methanol) using a BIORAD blotting chamber for 2 h at 300 mA. Protein 
transfer to the membrane was monitored by Ponceau S staining (0.1 % Ponceau S, 5% acetic acid) 
before incubation of the membrane in blocking solution (2% low fat milk powder (Heirler) in 
PBS/0.1% Tween) for 1 h at RT. The membrane was then incubated with primary antibody in blocking 
solution for several hours at 4°C, washed four time for 15 min in PBS/0.1% Tween, and incubated with 
secondary antibody for 2 h at RT. Concentrations of primary and secondary antibodies used are 
provided below (Table 6). Membranes were washed four times for 15 min in PBS/0.1% Tween, and 
detection was carried out using chemiluminescence film (GE Healthcare) with an ECL substrate kit 
(GE Healthcare) according to manufacturer’s instructions.  
Table 6. Dilutions of antibodies for Western blotting 
Antibody Dilution Reference/Source 
 
Primary antibodies 
dlc6869 1:1000 this study 
M1243 1:1000 this study 
M1260 1:1000 this study 
 
Secondary antibody 
goat anti-rabbit HRP 1:10000 dianova GmbH 
Cat.-Nr. 111-035-045 
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Riboprobe synthesis 
 
Riboprobes were in vitro transcribed from linearized plasmids using an appropriate RNA polymerase 
(Protein Expression Facility, MPI-CBG, Dresden, Germany) with either digoxigenin- or fluorescein-
labeled NTPs (Roche). The obtained antisense RNA was purified using an RNEasy kit (Qiagen), and 
eluted with RNase-free water for storage at -20ºC. Probes used were deltaC (Oates and Ho, 2002), isl1 
(Korzh et al., 1993), mespa and mespb (Sawada et al., 2000), spt (Griffin et al., 1998), gata1 (Detrich 
et al., 1995) and egr2b/krox20 (Oxtoby and Jowett, 1993). Hybridization with mespa probe was used to 
distinguish Delta-Notch mutant embryos from their wt or heterozygous siblings. In mib embryos, both 
mespa and isl1 could be used for this purpose.  
 
 
In situ hybridization  
 
In situ hybridization was carried out as previously described (Thisse et al., 1993). Briefly, embryos at 
the desired stage were fixed for 24 h in 4% PFA, manually dechorionated in PBS/0.1% Tween, and 
dehydrated in methanol for at least 24 h at -20ºC. Embryos were rehydrated stepwise, and embryos 
older than tailbud stage were digested with proteinase K (10 mg/ml in PBS/0.1% Tween), fixed again 
in 4% PFA for 20 min, and washed four times 5 in in PBS/0.1% Tween. Prehybridization was carried 
out for at least 1 h at 70ºC in hybridization buffer (50% formamide, 5x SSC, 50 mg/ml heparin,        
500 mg/ml yeast tRNA, 0.1% Tween 20, 9 mM citric acid, where 5x SSC is 750 mM sodium chloride, 
75 mM sodium citrate, pH 7.0). Probes were added at 1:20 dilutions in hybridization buffer, and 
hybridization was carried out for several hours at 70ºC. Embryos were washed in 75% hybridization 
buffer/25% 2xSSC, 50% hybridization buffer/50% 2xSSC and 25% hybridization buffer/75% 2xSSC at 
70ºC for 10 min each, followed by one wash in 2x SSC for 10 min and two washes in 0.05x SSC at 
70ºC for 30 min each. Further wash steps were in 75% 0.05xSSC/25% PBS/0.1%Tween, 50% 
0.05xSSC/50% PBS/0.1%Tween, 25% 0.05xSSC/75% PBS/0.1%Tween, and PBS/0.1% Tween at RT 
for 5 min each. Embryos were incubated in blocking buffer (2% sheep serum, 2mg/ml BSA, 0.01% 
sodium azide in PBS/0.1% Tween for 1 h at RT before antibodies were added at 1:5000 or 1:2000 for 
anti-digoxigenin or anti-fluorescein antibodies (Roche), respectively. Incubation was carried out for 
several hours at 4ºC. Embryos were subsequently washed five times for 15 min in PBS/0.1% Tween at 
RT, and equilibrated in detection buffer (100 mM Tris HCl pH9.5, 50 mM MgCl2, 100 mM NaCl, 
0.1% Tween) twice for 5 min at RT. Chromogenic solution based on NBT/BCIP chemistry (Roche) 
was prepared in detection buffer according to manufacturer’s instructions, and the detection reaction 
was carried out at RT. The reaction was stopped by rinsing several times with PBS/0.1% Tween. If 
desired, nuclei were stained using Hoechst 33342 (Molecular Probes) fluorescent dye before 
transferring embryos into 80% glycerol/20% PBS.  
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For separate detection of different transcripts in one embryo, embryos were simultaneously hybridized 
with both digoxigenin- and fluorescein-labeled probes. After detection of the first probe with 
NBT/BCIP chemistry, antibody was removed by incubation in 0.1 M glycine pH2.2/0.1% Tween twice 
for 10 min at RT. Detection of the second probe was carried out using FastRed substrate (Roche) in 
100 mM Tris HCl pH8.  
 
 
Image acquisition 
 
Images of live embryos or embryos after in situ were taken either on an Olympus SZX12 or a Zeiss 
Axioskop 2 using QCapture software. Images were processed and figures assembled using ImageJ and 
Adobe Photoshop software. 
 
 
PCR genotyping of mutant embryos 
 
For isolation of genomic DNA, live or fixed embryos were transferred to separate wells of a 96-well 
plate and washed with 500 µl PBS/0.1% Tween. After washing, 100 µl of embryo lysis buffer         
(100 mM Tris-HCl pH 8.8, 200 mM NaCl, 0.2% SDS, 5 mM EDTA, 200 µg/ml proteinase K) were 
added to each well, and embryos were incubated at 55°C for at least 3 h. DNA was precipitated with 
100 µl isopropanol, centrifuged at 4280g for 1h, washed with 300 µl 70% Ethanol and centrifuged 
again for 30 min. The supernatant was discarded, and DNA was air dried and resuspended in 40 µl 
Tris-HCl pH8 for several hours at RT.  
 
For PCR genotying, a nested PCR approach was used to obtain high amounts of the relevant 
amplicons. Briefly, a sequence of interest was PCR amplified from genomic DNA using a set of two 
outer primers (PCR1). The PCR product obtained in PCR1 was then used as a template for 
amplification with a set of inner primers tagged with sequences of M13 forward or M13 reverse 
primers for sequencing (PCR2). All PCR reactions were carried out in a volume of 10 μl, with final 
concentrations of 200 nM primers (Invitrogen), 0.2 mM dNTP mix (Sigma), 1x Taq polymerase buffer 
and 0.25 U of Taq polymerase (Protein Expression Facility, MPI-CBG, Dresden, Germany), and using 
a DNA Engine Tetrad2 PCR cycler (MJ Research). Sequences of genotyping primers are provided 
below (Table 7).  
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Table 7. Genotyping primer sequences 
Primer name Primer sequence (5’-3’) PCR conditions 
 
 
deltaC_1 for CGCCAGTGAGACTCTTACAC 
deltaC_1 rev CTGGCTTTGTGGTTCTGAC 
deltaC_2 for TGTAAAACGACGGCCAGTCCTGGTTTACTCCTTTGTCC 
deltaC_2 rev AGGAAACAGCTATGACCATTGGCAGCACAATCACTAAG 
 
deltaD_1 for AATGGAGGAAGTTGCACTG 
deltaD_1 rev TGAAGGATGTTGGAAACCAC 
deltaD_2 for TGTAAAACGACGGCCAGTAGCAATTTAGGTGTCGTATGAG 
deltaD_2 rev AGGAAACAGCTATGACCATCTTCAACAGAACAACAACAACC 
 
notch1a_1 for GAACTCTTCTGCACTTTCTGG 
notch1a_1 rev TTGGCACAAACCCATGC 
notch1a_2 for TGTAAAACGACGGCCAGTGGATCTATGAGAGCTTCTGG 
notch1a_2 rev AGGAAACAGCTATGACCATATTCTGTGCAACAAGTGACC 
94ºC – 2’ (initial), 
94ºC – 20’’ 
57ºC – 30’’ 
72ºC – 1’ (40x),  
72ºC – 10’ (final) 
 
for all reactions 
gene name_1 and gene name_2 refer to outer and inner primer sets, respectively. M13 forward and 
M13 reverse sequences attached to inner primers are shown in italics. 
 
The product obtained from PCR2 was purified with Exonuclease I and Shrimp Alkaline Phosphatase to 
remove primers and excess dNTPs. Size and amount of purified PCR product was analyzed by agarose 
gel electrophoresis, and an appropriate amount of PCR product was submitted to the in-house 
sequencing facility (DNA sequencing facility, MPI-CBG, Dresden, Germany).  
 
DAPT treatment 
 
For time-lapse imaging of embryos treated with different DAPT concentrations, mold arrays were 
produced from Silicone elastomer Sylgard 184 (Dow Corning) for holding embryos during imaging, 
which allowed precise control of DAPT concentrations. A Petri dish was subdivided into four 
chambers by separating plastic plates, and mold arrays were placed into each of the four chambers.     
E3 embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 10-5% Methylene 
Blue) containing the desired amount of DAPT or the highest utilized concentration of DMSO carrier 
was put into each chamber, and embryos were transferred to the Petri dish before shield stage. 
Phenylthiourea (PTU) was added to a final concentration of 0.03% at around 24 hpf, and embryos were 
fixed at 30-36 hpf for ALD determination to verify the effective action of DAPT                         
(Riedel-Kruse et al., 2007).  
 
For determination of embryo length and somite length in embryos treated with saturating amounts of 
DAPT, Petri dishes were subdivided into two chambers, and agarose mold arrays were created in each 
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chamber. A volume of E3 medium equal to the volume of E3/agarose used for the mold array, and 
containing 100 µM DAPT or the corresponding amount of DMSO carrier, was added to each chamber. 
Concentrations in E3/agarose and E3 medium were allowed to equilibrate for at least one hour, and 
embryos younger than shield stage were then transferred to the Petri dish. Agarose molds were used 
instead of silicone molds because these were not available at the time the experiments were carried out. 
 
For determination of segment length and arrest front position, DAPT treatment was carried out in small 
Petri dishes or 6-well plates. Embryos were transferred into E3 medium containing the desired 
concentration of DAPT or the corresponding amount of DMSO carrier before shield stage, allowed to 
develop until the desired stage and fixed for in situ hybridization.  
 
Statistics 
 
Statistical significance within all relevant data sets concerning somitogenesis period, somite length, 
segment length at the arrest front, the position of the arrest front, axial elongation, and difference in the 
free parameter values for fitting stripe wavelength measurement was assessed using Student’s t-test, 
two-sided, unequal variance, in Microsoft Excel. All statistical display items were compiled using 
OriginLab Origin.  
 
Determination of somitogenesis period 
 
Somitogenesis period was determined as previously described (Schroter et al., 2008). Briefly, forty 
closely staged embryos were time-lapsed for 6 h in 5 min time intervals starting around 10 hpf. The 
time of formation of somite boundaries was manually determined from the movies obtained, and 
somitogenesis period of individual embryos was determined by linear fitting of the data in Microsoft 
Excel. Movie analysis was performed without knowledge of the embryos’ genotype. All experiments 
but one were carried out at temperatures between 27 and 29°C, and one mib experiment was carried out 
at 30.1°C. Dorsal imaging allowed monitoring of the formation of somites one to eight, whereas lateral 
imaging was used to image somitogenesis from somite four to somite 20. Both approaches were used 
in all experimental conditions to characterize somitogenesis period of somites one to twenty, and 
results from both approaches were in good agreement.  
 
Somitogenesis period was determined in clutches obtained from heterozygous incrosses containing wt, 
heterozygous and homozygous mutants embryos. Homozygous Delta-Notch (Jiang et al., 1996; van 
Eeden et al., 1996) and ace/fgf8 (unpublished observations) mutant embryos display defects in the 
formation of posterior somites. Therefore, somitogenesis period was determined only in the anterior, 
correctly forming somites in homozygous mutant embryos, and somitogenesis periods obtained from 
corresponding somites in wt siblings were used for comparison. In embryos treated with various DAPT 
concentrations, somitogenesis period was determined from the first six somites independently of the 
ALD induced by the respective DAPT concentration to ensure comparability of all measured values.  
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If desired, embryos were PCR genotyped after time-lapse imaging. Somitogenesis periods of individual 
embryos were grouped according to genotype, and all values were normalized to the mean 
somitogenesis period of the wt population, enabling pooling of results from different experiments.  
 
Homozygous ace/fgf8, mbl/axin1 and no fin/raldh2 mutant embryos were identified by inspection of 
morphological defects apparent in later development (Grandel et al., 2002; Heisenberg et al., 1996; van 
Eeden et al., 1996). The distribution of period values in the wt/heterozygous population was unimodal, 
thereby excluding that differences between wt/heterozygous and homozygous populations were 
obscured by pooling of wt and heterozygous embryos. All values were normalized to the mean 
somitogenesis period of the wt/heterozygous embryo population for these mutants.  
 
Determination of somite length 
 
Agarose molds were created in a Petri dish as described (Schroter et al., 2008) and covered with E3 
medium. Agarose molds were overlaid with methylcellulose, and embryos in their chorions at 
approximately 6 somite stage were left to sink into the molds whilst being supported by the agarose, 
which facilitated mounting. Embryos were dechorionated and photographed on an Olympus SZX12 
using QCapture software. If necessary, embryos were left to develop until the next day, when 
homozygous mutants could be identified by inspection of somitogenesis defects.  
 
Lengths of somites two to five were determined from the photographs using Adobe Photoshop 
software. The length of somite one was not measured because its anterior border was not clearly 
distinguishable in most embryos. Measurements were performed without knowledge of the embryos’ 
genotype. Individual embryos were assigned to wt/heterozygous or homozygous populations, and all 
measured values for one somite were normalized to the mean of the wt/heterozygous population, 
enabling comparison of results from different experiments. 
 
Segment length and arrest wavefront velocity determination  
 
Distance between stripes of mespb expression in the anterior PSM as a measure of segment length, and 
distance of the posterior border of the mespb expression domain from the posterior tip of the embryo as 
a measure of wavefront position were assessed using Adobe Photoshop software. Measurements were 
performed without knowledge of the embryo’s genotype. Genotyping of embryos was carried out by 
double hybridization of mespb with isl1 for mib mutants or by PCR genotyping for all other mutants. 
Individual embryos were assigned to wt/heterozygous or homozygous populations, and all measured 
values were normalized to the mean of the wt/heterozygous population, enabling comparison of results 
from different experiments.  
 
Embryo length was determined from time-lapse movies of laterally mounted embryos by tracing 
embryo length using the Segmented Line tool in ImageJ, and by subsequently determining the length of 
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this line using the Measure tool. Slightly different developmental stages of embryos at the beginning of 
time lapse imaging in different experiments were accounted for by normalizing elapsed recording time 
to the time of formation of the fourth somite.  
 
Stripe wavelength measurements and parameter fitting 
 
Stripe wavelength of deltaC expression was assessed by measuring distances between the anterior 
borders of successive stripes of gene expression using Adobe Photoshop software. This method 
assumes that cells at equivalent positions in successive stripes have equivalent phase (Giudicelli et al., 
2007). Data points were collected only from stripes with well-defined anterior borders, therefore most 
data points collected are from stripes in the anterior half of the PSM. Measurements were taken at 
medio-lateral positions immediately adjacent to the notochord. 
 
This experiment was carried out in mib embryos because mib displayed pronounced changes of 
comparable magnitude in somitogenesis period and segment length. The deltaC gene was chosen 
because the mRNA expression levels of two other cyclic genes, her1 and her7, are downregulated in 
Delta-Notch mutants (Oates and Ho, 2002), preventing meaningful stripe wavelength measurements. 
Genotyping of mib embryos was carried out using double in situ hybridization of deltaC with the isl1 
probe. 
 
The DCT describes the appearance of characteristic changes to the wavelength of oscillating gene 
expression patterns in the PSM of a mutant with altered period (Appendix 2). The data set obtained 
from deltaC stripe wavelength measurements in mib was used for determination of segment size as 
well as the relative slowing down of oscillations in the PSM along a frequency profile by fitting to      
Eq. (2). Fitting of the data, and bootstrap analysis of parameter significance (see below) were carried 
out by Luis Morelli, Saúl Ares and Frank Jülicher. For this purpose, the most anterior stripe border 
measured in a wt embryo from a given experimental set was considered as the position of the anterior 
boundary of the region of the PSM presenting cyclic gene expression. The posterior boundary of the 
region, as considered in the DCT (Appendix 2), is the posterior end of the notochord: the length L of 
the region is defined as the distance between its boundaries. The wavelength defined by two successive 
stripe borders is considered to be the wavelength associated with the position halfway between the two 
borders; this position is considered relative to the anterior boundary of the region. All the positions and 
wavelengths are normalized dividing by L. The values of the free parameters µ and s were determined 
from the fit of the wavelength and position data to Eq. (2), for wt and mib embryos. Since both x and λ 
come from measurements of the same observable, the position of stripe borders, they are both affected 
with experimental errors. To take this into account, fitting was done to minimize the sum of the 
squared distance of the fitted curve to both x and λ. As there was no evidence of altered arrest front 
velocity, position of the arrest wavefront or PSM length in mib embryos as compared to their wt 
siblings, the value of s obtained from the fit was used as a measure of oscillator period according to S = 
vTG (Cooke and Zeeman, 1976).  
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The errors of the fitted parameters µ and s were determined using a statistical bootstrap procedure 
(Fig. 32C, (Newman and Barkema, 1999). From the initial N data points, N are selected in a 
random sequence, whereby some data points appear repeatedly in the selection, while others are 
excluded, and new values of µ and s are determined using this selection. The procedure was 
repeated until the mean and the standard deviation calculated from the bootstrapped parameters 
converge. From this standard deviation, the confidence interval given in the main text was 
calculated. 
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Appendix 
 
Appendix 1 - Movies 
 
 
 
Movies in Part 2 
 
 
Movie 1. Time-lapse movie of wt embryo during early trunk somitogenesis. Starting at 1 somite stage, 
the wt embryo forms five somite boundaries within 100 min. Dorsal view with anterior to the top.  
 
Movie 2. Time-lapse movie of mib embryo during early trunk somitogenesis. Starting at 1 somite 
stage, the mib embryo forms four somite boundaries within 100 min. Dorsal view with anterior to the 
top.  
 
Movie 3. Time-lapse movie of wt embryo during trunk somitogenesis. Starting at 3 somite stage, the 
wt embryo forms eight somites within 180 min. Lateral view with anterior to the left.  
 
Movie 4. Time-lapse movie of wt embryo during trunk somitogenesis. Starting at 3 somite stage, the 
mib embryo forms seven somites within 180 min. Note that length of the embryonic axis in the mib 
embryo is similar to that observed in its wt sibling (Movie 3) throughout the movie. Lateral view with 
anterior to the left.  
 
 
 
Movies in Appendix 2 
 
Supplementary Movies 1-4 with movie captions are provided by courtesy of Luis Morelli, Saúl Ares 
and Frank Jülicher. 
 
Supplementary Movie S1. Repeated waves of oscillating gene expression sweep through the cells of 
the PSM from the posterior (right) to the anterior (left). Each frame of the movie shows an in situ 
hybridization experiment from a different embryo detecting the expression of deltaC mRNA in the 
zebrafish PSM (dorsal view), at different phases of cyclic gene expression. For a better visualization of 
the wave pattern, set the loop option while viewing this cartoon. 
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Supplementary Movie S2. Numerical simulation of segmentation using coupled oscillators in two 
dimensions with a geometry inspired by the real PSM shape. Color coding and parameters as described 
in the caption of Figure 3 in Appendix 2. Simulation corresponds to zebrafish mode, as in Figure 3a in 
Appendix 2. 
 
Supplementary Movie S3. Numerical simulation of segmentation using coupled oscillators in two 
dimensions with a geometry inspired by the real PSM shape. Color coding and parameters as described 
in the caption of Figure 3 in Appendix 2. Simulation corresponds to zebrafish mode with coupling 
disruption, as in Figure 3b in Appendix 2. 
 
Supplementary Movie S4. Numerical simulation of segmentation using coupled oscillators in two 
dimensions with a geometry inspired by the real PSM shape. Color coding and parameters as described 
in the caption of Figure 3 in Appendix 2. Simulation corresponds to a mouse mode in zebrafish, as in 
Figure 3c in Appendix 2. 
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Appendix 2 - Delayed Coupling Theory of vertebrate segmentation 
 
A brief outline of the basic concepts and implications of the DCT, as well as an as yet unpublished 
manuscript describing the technical details of the DCT and its implications for the study of oscillatory 
systems with delayed coupling, are provided below by courtesy of Luis Morelli, Saúl Ares and Frank 
Jülicher.  
 
A brief outline of the Delayed Coupling Theory 
 
A theoretical description aimed at addressing within a single framework both temporal and spatial 
aspects of vertebrate segmentation was developed. The segmentation clock is described as an array of 
coupled phase oscillators. The state of each oscillator is characterized by a phase variable θi, where i 
labels the positions of the oscillators. The following four basic features of the segmentation clock are 
incorporated in the DCT: 
 
i. A frequency profile ωi(t) across the PSM that 
accounts for the slowing down of the cellular 
oscillators as they approach the arrest front 
(iv). 
ii. Local coupling of oscillators, with strength ε, 
accounting for Delta/Notch intercellular 
coupling. 
iii. A time delay τ in the coupling, due to 
synthesis and trafficking of molecules. 
iv. A moving front with velocity v that arrests the 
oscillations in the anterior PSM, in concert 
with embryonic elongation. 
 
Appended Figure 1. Illustration of DCT 
variables in the developing embryo 
 
The shape of the frequency profile is characterized by a parameter µ and the period of the fastest 
autonomous oscillators TA, located in the posterior PSM.  
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The phase equations for the array of oscillators can be written as: 
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The details of the formulation and solution of the theory are available (Appendix 2). The results relevant 
for this work are briefly summarized below. 
 
The global period of oscillations TG is a collective property of the oscillating tissue, and arises from the 
interplay of autonomous oscillations and intercellular communication. For this reason, the whole tissue 
is referred to as the segmentation clock, while the word oscillator is reserved for single cells. The 
expression relating the global period of the clock TG, to the parameters ε, τ, and TA, is: 
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The effects of delayed coupling on the global period of the clock can be understood with the following 
argument. If two uncoupled synchronized oscillators, cycling at the same pace, are suddenly coupled 
with a delay, they will receive information about the phase of the other oscillator at a previous time. 
Depending on the relative value of the delay and the autonomous period, the oscillators will speed up or 
slow down as they try to match up with each other. As this process occurs across the population, a 
global period self-organizes. The segment length S is related to the global period of oscillations TG 
through S = v TG, where v is the velocity of the arrest front. 
 
The DCT describes the emergence of dynamic gene expression waves, and relates the shape of the 
phase profile to the frequency profile ωi(t) and intercellular communication. The cellular oscillators 
slow down as they get closer to the arrest front, and the wavelength of the dynamic gene expression 
patterns gets smaller until it matches the segment length S at the arrest front.  
 
The expression relating wavelength λ and position x, normalized to the anterior-posterior length of the 
PSM is: 
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The parameter s is the segment length S normalized to the anterior-posterior length of the PSM - 
through it, the wavelength depends on the global period (as S = v TG). 
Delayed Coupling theory of vertebrate segmentation
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Abstract
Rhythmic and sequential subdivision of the elongating vertebrate embryonic body axis into morpholog-
ical somites is controlled by an oscillating multicellular genetic network termed the segmentation clock.
This clock operates in presomitic mesoderm (PSM), generating dynamic stripe patterns of oscillatory gene-
expression across the field of PSM cells. How these spatial patterns, the clock’s global period, and the
underlying cellular-level interactions are related is not understood. A theory encompassing temporal and
spatial domains of local and global aspects of the system is essential to tackle these questions. The de-
layed coupling theory achieves this by representing the PSM as an array of phase oscillators, combining
four key elements: a frequency profile of oscillators slowing across the PSM; coupling between neighbor-
ing oscillators; delay in the coupling; and a moving boundary describing embryonic axis elongation. This
theory predicts that the segmentation clock’s global period depends on delayed coupling. We derive an
expression for pattern wavelength across the PSM and show how this can be used to fit dynamic wildtype
gene-expression patterns, revealing the quantitative values of parameters controlling spatial and temporal
organization of the oscillators in the system. Our theory can be used to analyze experimental perturbations,
thereby identifying roles of genes involved in segmentation.
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I. INTRODUCTION
During vertebrate development, segmentation of the continually elongating embryonic body
axis occurs rhythmically and sequentially from head to tail in a process termed somitogenesis [1].
Somites are regularly sized cell clusters that bud off periodically from the anterior end of the
posterior-most unsegmented tissue, the pre-somitic mesoderm (PSM), with a species-specific fre-
quency. These transient, left-right symmetric structures are the embryonic precursors of adult bone
and muscle segments, and defects in their formation lead to congenital birth defects [2]. Under-
lying the morphogenetic rhythm of somitogenesis, repeated waves of oscillating gene expression
sweep through the cells of the PSM from the posterior to the anterior [3], see Fig. 1a and Sup-
plementary Movie 1. These genetic oscillations are thought to slow down and arrest at different
phases of their cycles at an anteriorly positioned arrest front that moves in concert with embryonic
elongation [4] (Fig. 1b), translating the temporal periodicity into a striped spatial pattern of gene
expression [5].
Given the existence of genetic oscillators in the cells of the PSM [6–13], several questions still
remain unanswered: how does a global segmentation period arise from the population of individ-
ual oscillators, and what is the relation between the overall pattern of gene expression observed in
the PSM and the oscillating expression at the cellular level. To investigate this, we develop a the-
oretical description based on phase oscillators and four key ingredients motivated by the biology:
(i) a frequency profile along the PSM, slowing down the oscillations, (ii) coupling of oscillators,
(iii) a time delay in the information transfer between neighboring oscillators, and (iv) the existence
of a moving front that arrests the oscillations at the anterior end of the PSM, while the posterior
end moves due to embryonic outgrowth. This delayed coupling theory provides an excellent fit
to the existing biological data, allows perturbations to the system to be analyzed in terms of un-
derlying processes, and predicts how intercellular communication affects the global period of the
segmentation clock. Below, we introduce the elements of the delayed coupling theory.
A. Phase oscillators
To provide a simple picture of the segmentation process, Cooke and Zeeman proposed a clock
and wavefront model more than thirty years ago [14]. However, to understand the role of collective
processes in the emergence of dynamic gene expression patterns in the PSM a more detailed anal-
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FIG. 1: Representation of the pre-somitic mesoderm (PSM). Anterior is to the left and posterior to the right. (a) In situ hybridization [16] showing
the expression of deltaC mRNA in the zebrafish PSM (dorsal view). (b) Schematic PSM together with the already determined segments
—arrested— and the most recently formed pair of somites. The studied region lies between the arrest front and the posterior boundary. (c)
Schematic representation of the signal gradient spanning the PSM (broken line). The frequency profile ω generated by this gradient is depicted as
solid purple line, using Eq. (2) with the width σ given in Table I. The length of the studied region is denoted by L. A linear array of N coupled
oscillators is indicated.
ysis is needed, for which methods from other pattern forming systems can be borrowed [15]. In
particular, the periodic expression of genes in the oscillating PSM cells can be described at tissue
level using a set of phase oscillators, disregarding at this stage the underlying biochemical and
genetic mechanisms that generate the oscillations and their pattern. In this phase description, each
cell, or group of synchronous cells, is represented by an oscillator, and the state of each oscillator is
characterized only by its phase in the cycle of periodic gene expression. Oscillators with the same
phase represent cells with equivalent expression level of cyclic genes. In this work we show that
a phase description is sufficient to compute the overall spatiotemporal patterns of gene expression
and the global period of the oscillations.
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B. Frequency profile
It has been suggested that the arrest of the oscillations and the observed oscillating gene ex-
pression patterns are shaped by a spatial dependence of the frequency of the individual oscilla-
tors [3, 17–21]. A frequency profile could be controlled by the molecular gradients observed in
the PSM, see Fig. 1c, e.g. the gradients of the growth factor FGF [4, 22–24] or of Wnt signal-
ing [25, 26]. Motivated by the changing width of the stripes of gene expression in the PSM and
the necessity that the oscillations slow down and finally stop at the arrest front, we include such a
frequency profile in our theory.
C. Coupling of oscillators
Recent theoretical works seeking to describe spatiotemporal patterns in somitogenesis using
phase oscillators have not included coupling between oscillators [17, 18], although intercellular
coupling has been considered in reduced models of regulatory circuits [9, 27, 28]. Here, coupling
means that oscillators can influence the phase of their neighbors. Coupling is essential to stabilize
tissue-scale patterns against the unavoidable noise present in biological systems [28–30], and also
to explain the re-synchronization of surgically inverted pieces of the PSM [4]. Thus, in this work
we propose a description based on coupled phase oscillators.
D. Time delay
Coupling between cells via signaling systems (e.g. through the Notch pathway [28–31]) in-
volves synthesis and trafficking of molecules within cells. These dynamics imply the existence
of time delays, which influence self-organization of coupled oscillators [9, 32–35], making their
inclusion in our theory important. For simplicity we will use a deterministic time delay; a more
realistic description would include a distribution of delays [36].
E. Moving borders due to embryonic elongation
The embryo is a rapidly growing system (one somite length per oscillation cycle, which is
around 25 minutes in zebrafish, 90 in chick and 120 in mouse) and cells are continuously entering
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FIG. 2: Two different coordinate systems to describe genetic oscillations in the PSM. (a) Lab reference frame: oscillators labeled by index i hold
fixed positions xi = ia, where a is the distance between oscillators. The PSM boundary moves posteriorly with velocity v as the embryo extends.
(b) PSM reference frame: the PSM boundaries do not move but oscillators move through the PSM from posterior to anterior with velocity v.
Oscillators are constantly relabeled using symbols j to denote discrete positions relative to the arrest front. Dashed lines indicate the state of the
system at slightly earlier times.
and leaving the part of the PSM where oscillations take place. Additionally, cell proliferation plays
a role during elongation, but since in the PSM it has a stochastic character it can be considered as a
potential noise source [28] not otherwise significantly affecting the oscillatory dynamics [37], and
we do not consider it further here. To correctly understand the formation of patterns of gene expres-
sion and how the frequency is regulated, it is necessary to consider the geometry and boundaries
of the arena in which the process occurs, Fig. 2. Here we neglect changes in the antero-posterior
length of the PSM or the rate of axial growth, which occur during development at time scales
larger than the somitogenesis period [38, 39]. Consequently, both the arrest front and the posterior
boundary move at the same velocity v, see Fig. 1b.
II. RESULTS
This section contains technical details of our theory. Readers who are more interested in
the basic ideas and the biological justifications should note that a careful understanding of the
equations is not a requisite to follow the arguments we introduce.
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A. Discrete coupled oscillators system
Our model equations in the lab reference frame, Fig. 2a, consist of a lattice of discrete phase
oscillators. This lattice comprises N oscillators in the antero-posterior direction, labeled by an
index i. Each oscillator occupies a position xi = ia in the lab reference frame, where a is the
characteristic distance between oscillators, i.e. one cell diameter. Hence the total physical length
of the considered system in the antero-posterior direction is L ≡ Na.
As the embryo elongates with velocity v, the arrest front is positioned at vt, where t is time.
Oscillators anterior to the arrest front, xi ≤ vt, are arrested. New oscillators are added at the
posterior boundary, situated at vt+L, as elongation proceeds. The oscillators in the studied region,
with indices vt/a ≤ i < (N + vt/a) are weakly coupled to their n nearest neighbors, denoted by
the index k. In one dimension n = 2, while in a two-dimensional square lattice n = 4. The phase
dynamics of the coupled oscillators can be described by
θ˙i(t) = ωi(t) +
εi(t)
na2
∑
k
sin [θk(t− τi(t))− θi(t)] + ζi(t), (1)
where the dot denotes time derivative, θi is the phase of oscillator i, ωi its intrinsic frequency, εi the
coupling strength, τi the time delay in the coupling and ζi is a random variable with zero average
representing different noise sources. The choice of the sine function is not arbitrary: under the
assumption of weak coupling, that we confirm later from the experimental data in Ref. [29], the
sine function is the dominant term of any more general periodic coupling function [40].
To specify the shape of the frequency profile we choose, for vt/a ≤ i < (N + vt/a):
ωi(t) = ω∞(1− e−(ia−vt)/σ), (2)
where ω∞ is a characteristic frequency scale of individual oscillators, and σ is a measure of the
characteristic distance over which the frequency profile decreases from high to low values (see
Fig. 1c). Below we will show that our choice of Eq. (2) is consistent with experimental obser-
vations, and we will determine σ from the width of the stripes of gene expression in the PSM.
For convenience we introduce the parameter ωL ≡ ω∞(1 − e−L/σ), that represents the intrinsic
frequency of the oscillators at the posterior boundary of the system. Due to the disordered motion
of cells in the tailbud [41] the frequency is uniform and equal to ωL behind the posterior border of
the region we study (see Fig. 1b). Furthermore, the shape of ωi described by Eq. (2) resembles the
posterior branch of FGF receptor saturation proposed in Ref. [42].
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The coupling could also be position dependent. In particular, since the oscillators anterior to
the arrest front stop cycling, they can not influence the active oscillators in the interval vt/a ≤ i <
(N + vt/a). We take this into account imposing εi = ε0 = 0 for i < vt/a. For simplicity, in this
work we consider the coupling strength εi ≡ ε and the time delay τi ≡ τ to be constant posterior
to the arrest front.
B. Simulation results
We show the ability of coupled oscillators to reproduce the wave patterns of the wildtype em-
bryo by computer simulations of Eq. (1) for a two dimensional geometry, see Fig. 3a and Sup-
plementary Movie 2. We include in these simulations an additive Gaussian white noise with zero
mean and correlations 〈ζi(t)ζk(t′)〉 = 2D2δ(t − t′)δik; with 2D2 experimentally determined in
Ref. [29] as 2D2 = 0.013 min−1. To emphasize the importance of intercellular coupling in the
model, we simulate the phenotype of a class of mutant embryos in which coupling is strongly re-
duced [29, 30]. This simulation, like the mutant embryos, exhibits posterior segmentation defects,
see Fig. 3b and Supplementary Movie 3. Since our objective is to characterize the basic model in
the synchronized state we ignore from here the effects of noise.
C. PSM reference frame
It is useful to consider the dynamics in the PSM reference frame, Fig. 2b, where the oscillations
can be characterized by a stationary phase profile and a global frequency. For simplicity from
here on we use a one dimensional description of the system, with n = 2. In the lab reference
frame (Fig. 2a) the symbol i represents a fixed oscillator. In the PSM reference frame (Fig. 2b) we
introduce the symbol j to label fixed discrete positions relative to the arrest front. The label j runs
from j = 0 at the arrest front to j = N at the posterior boundary of the PSM. Discrete position j is
occupied by different oscillators as the system evolves in time. For convenience we have included
the last arrested oscillator (j = 0) in the description.
In the PSM reference frame, the frequency profile is stationary, ωj = ω∞(1 − e−ja/σ). Re-
expressing Eq. (1) in this PSM reference frame, an extra term describes the drift of the phase due
to the movement of the cells relative to the PSM boundaries. The resulting phase dynamics are
95
Arrest Front
Arrested Segments Oscillating PSM
wild type
 coupling
disruption
“mouse
  mode”
(a)
(b)
(c)
FIG. 3: Numerical simulation of segmentation using coupled oscillators in two dimensions. Eq. (1) is simulated in a growing two-dimensional
geometry with τ = 0, ωL = 0.267, remaining parameters determined for zebrafish at 28◦C, see Table I. Noise is introduced with a strength taken
from experiments [29], see main text for details. The color indicates the value of sin θ of the phase θ: white is sin θ = 1 and dark (red or blue) is
sin θ = −1. Vertical line shows the position of the arrest front: the oscillating PSM is to its right (blue), to the left the arrested pattern (red).
Intrinsic frequency is a function of the distance to the black dot in the posterior boundary. (a) Wild type zebrafish: coupling is kept constant at
ε = 0.07 (cell diameter)2min−1. (b) Reduced coupling: after initial synchronization during 100 min (resulting segments not shown), coupling is
eliminated (ε = 0 (cell diameter)2min−1). The first segments form recognizable boundaries, but posterior segments are increasingly disrupted due
to the effect of noise. This resembls Delta-Notch mutant phenotypes in zebrafish [43–47]. (c) Mouse/chick mode: simulation with the same
zebrafish parameters as in (a), but with a sharper frequency profile, σ = 6 cell diameters. Only one wave of expression appears in the PSM.
Movies available as supplementary material
given by:
ϕ˙j(t) = ωj + v[ϕj+1(t)− ϕj(t)] + (3)
ε
2a2
∑
k=j+p±1
sin [ϕk(t− τ)− ϕj(t)] .
Here ϕj is the phase at position j relative to the arrest front and p = [vτ/a] is the nearest integer to
vτ/a, representing the distance a cell moves during the time it takes for a signal from a neighbor
to arrive. Note that now the coupling is non-local: due to the time delay and cell movement, the
neighbors of an oscillator with position j had positions j + p + 1 and j + p − 1 at the time the
signal was sent.
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D. Global frequency
The oscillating gene expression pattern in the PSM repeats after a full period T = 2pi/Ω of
oscillation [3, 7], where Ω is the global frequency of the oscillation. This leads to the steady state
ansatz ϕj(t) = Ωt+φj , where φj is the stationary phase profile describing the pattern in the PSM.
With this ansatz we obtain from Eq. (3):
Ω = ωj + v[φj+1 − φj] + ε
2a2
∑
k=j+p±1
sin [φk − φj − Ωτ ] . (4)
The global frequency of oscillations Ω is equivalent to the rate of somite formation. Note that the
frequencies θ˙i of individual oscillators depend on position and are in general different from Ω.
E. Boundary conditions
To determine the global frequency Ω we need to specify the boundary conditions, namely the
conditions that φj fulfills at the borders of the studied region (j = 0 and j = N , Fig. 1b). This
boundary should not be confused with somite boundaries, which we do not discuss in this paper.
At the arrest front (j = 0), the fact that ω0 = 0 and ε0 = 0 implies with Eq. (4) that (φ1−φ0) =
Ω/v = 2pi/vT . Thus, the anterior boundary condition determines the wavelength of the arrested
pattern, which is the segment length S = 2pi/(φ1 − φ0) = vT : the segment length is the distance
advanced by the arrest front during one oscillation period [14].
At the posterior boundary of the PSM, we assume that new cells are added into the system
with phase φN . To implement this we impose in Eq. (4) p boundary conditions, φj = φN for
j = N + 1, . . . , (N + p), accounting in this way for the effective non-locality of the coupling.
We base this choice on the experimental observation of mRNA expression patterns, that show an
approximately uniform level of cyclic gene expression in the posterior region of the PSM.
F. Coupling and delay affect the global period
Substituting the posterior boundary condition φN+1 = φN in Eq. (4) we obtain a relation for the
global frequency of oscillations (see also Refs. [32–35]):
Ω = ωL − ε sin (Ωτ) . (5)
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FIG. 4: Global frequency Ω of somitogenesis as a function of time delay and coupling strength. (a) Dimensionless global frequency Ω/ωL and
time delay τωL are displayed for constant coupling (ε = 0.07 (cell diameter)2min−1) and intrinsic frequency (ωL = 0.241 min−1). Analytical
solutions of Eq. (5) (blue lines): solid lines stable solutions of Eq. (5), dashed lines unstable solutions of Eq. (5). Blue dots correspond to
numerical integration of the discrete model given in Eq. (1) with parameters as in Table I, varying τ . Red lines: global frequency as a function of
delay in the continuum limit, showing its range of validity. (b) Global frequency Ω as a function of time delay for different coupling strengths
obtained from the solution of Eq. (5) with ε = 0.11 (cell diameter)2min−1 (green), ε = 0.07 (cell diameter)2min−1 (blue) and ε = 0.03 (cell
diameter)2min−1 (red). Solid lines are stable solutions, dashed lines are unstable solutions. Dotted line at Ω/ωL = 1 corresponds to vanishing
coupling, ε = 0 (cell diameter)2min−1.
The solutions to this equation are shown in Figs. 4a and 4b. Results from numerical simulations
of Eq. (1) in one spatial dimension (blue dots in Fig. 4a) show that the global frequency indeed
fulfills Eq. (5).
For a given set of parameters ωL, ε, and τ , Eq. (5) allows multiple solutions for the global
frequency Ω. A linear stability analysis following Refs. [34, 35] reveals that when cos(Ωτ) > 0 the
solution is stable and unstable otherwise, see continuous and dashed lines in Fig. 4. Consequently,
multi-stability occurs for large values of ε and τ . Eq. (5) is biologically relevant: the global
frequency or period of somitogenesis emerges as a collective property, and depends not only on
the intrinsic frequency of individual cells, but also on the coupling strength and the time delay
(Fig. 4). Note that Ω does not depend on the specific shape of the frequency profile, and the period
is set by the uniform phase population in the tail, which is the pacemaker of the whole oscillatory
process.
G. Spatial distribution of traveling waves
While the global frequency Ω describes the temporal regularity of somitogenesis, the spatial
pattern of gene expression in the PSM is characterized by the phase profile φj . To evaluate the
phase profile it is convenient to introduce a continuum limit where the spatial coordinate takes
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FIG. 5: Phase profile in the PSM in the continuum limit. (a) Phase profile as a function of relative position, given by Eq. (11). Left axis: phase
relative to the arrest front. Right axis: corresponding number of gene expression stripes. The red line corresponds to the set of parameters obtained
from zebrafish data, see Table I, using ωL = 0.241 min−1 and τ = 22 min for illustration. Dotted blue line corresponds to σ = 6 cell diameters.
(b,c) Waveform of the expression pattern represented as sinφ. (d) Number of stripes in the PSM as a function of σ from Eq. (7), where σ is the
parameter describing the decay length of the frequency profile. Solid black line corresponds to parameters in Table I, with σ variable. Red square
dot: σ obtained from zebrafish data, see Table I. Blue circular dot: mouse mode, blue dotted curve in (a). Dotted and dashed curves correspond to
higher and lower value of intrinsic frequency, respectively.
continuous values, denoted by x, replacing the discrete index j, see Methods. The stationary
phase profile φ(x), see Fig. 5a, can be compared to quantitative experimental measurements of the
pattern, such as the width of the stripes of gene expression reported in Ref. [19]. We define the
wavelength λ as the distance of two points in the PSM with a phase difference of 2pi; λ is large
close to the tail and becomes smaller close to the arrest front where it matches the segment length,
see Fig. 6a. Using the continuum formalism we find an expression for the dependence of λ with
the position x of the stripe’s center relative to the arrest front
x ≈ σ log
[
sinh (λ/2σ)
piν−1(1 + η)−1 + (λ/2σ) e−L/σ
]
. (6)
Here ν and η are dimensionless parameters relating intrinsic frequency, coupling, elongation speed
and the frequency profile, as defined in the Methods. In Fig. 6b we show the fit of Eq. (6) to the
wavelengths obtained from the raw data in Ref. [19]: distances between consecutive points with
equal level of her1 expression in zebrafish embryos around the ten somite stage and raised at 28◦C.
The equation fits very well to the data, showing that our choice of Eq. (2) for the frequency profile
is consistent with observations.
H. Parameter values
From the fit to data obtained from wildtype zebrafish shown in Fig. 6b we determine L/σ =
1.08 and ν(1 +η) = 57.8. We estimate the parameters L and σ using the definitions of ν and η and
the measured values of T and S, see Table I. The intrinsic frequency at the posterior ωL, and the
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T Period of somite formation (Ref. [38]) 23.5 min
Ω Global frequency, 2pi/T 0.267 min−1
S Somite size (our own experimental estimation) 6 cd
v Velocity of the arrest front, v = S/T 0.255 cd/min
ε Coupling strength (Ref. [29]) 0.07 cd2min−1
L PSM length 39 cd
σ Width of the frequency profile 36 cd
τ Time delay
See Eq. (5)
ωL Intrinsic freq. in the posterior PSM
TABLE I: Parameters of the delayed coupling theory and their values in zebrafish embryo at 28◦C near the ten somite stage. The first five
parameters have been determined before or come from our observations. The last four come from fits of our theory to experimental data. The
parameters ωL and τ are related by Eq. (5). Note that parameters change with temperature and throughout development [38]. We choose as length
unit one cell diameter (cd), in terms of which the distance between neighbor oscillators is a = 1cd.
time delay τ , are related through Eq. (5). Thus experimental determination of one would suffice to
calculate the other. From our estimated parameters in Table I the value of the frequency ωL can be
up to 30% higher or lower than the global frequency Ω, see Fig. 4a. This is in qualitative agreement
with the magnitude of frequency change from simulations of the genetic regulatory network model
in Ref. [9] for two coupled cells [48].
III. DISCUSSION
We have constructed a theory describing the tissue-level dynamics of the vertebrate segmenta-
tion clock employing phase oscillators to represent cyclic gene expression in the cells of the PSM.
As key ingredients of the theory, we considered (i) the existence of a frequency profile, (ii) coupling
between oscillators, (iii) time delay in this coupling, and (iv) moving boundaries corresponding to
embryonic elongation and the moving arrest front. In this theory, tissue-level phenomena are gen-
erated by the interaction of cellular properties. For example, the global frequency of oscillation
of the PSM, related to the segmentation rate, depends on the intrinsic frequency at the posterior,
the coupling strength and the time delay in the coupling, Eq. (5); the spatial wavelength of gene
expression stripes in addition depends on the shape of the frequency profile. Knowledge of the
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molecular underpinnings is not necessary for this mesoscopic description. By fitting the phase
profiles obtained in our continuum limit to the existing data from a vertebrate embryo, we obtained
a description of the tissue- and cellular-level processes controlling period and pattern in the system
that is both quantitative and predictive. This framework can now be used to analyze experimental
and evolutionary variants of embryonic segmentation or other permutations of growing, oscillating
systems.
A. Clock and wavefront model and segment length regulation
The basic relationship of a clock and wavefront type model for embryonic segmentation, as
initially proposed by Cooke and Zeeman [14], is that the length of a segment is the product of the
arrest wavefront velocity and the period of the clock. In our description the collective oscillators
create a pattern with a global frequency, that together with the movement of the arrest front gives
rise to a segment length consistent with the clock and wavefront picture.
B. Variation of stripe patterns for different animal species
We have compared our theory to zebrafish data, however it applies equally well to other ver-
tebrate species, since it does not involve species-specific details. The difference between what is
termed a zebrafish mode of oscillation in somitogenesis and a mouse/chick mode, observed also
in medaka [49], can be characterized as follows: in the zebrafish mode, several waves of gene
expression sweep simultaneously through the PSM, i.e. multiple stripes of expression are detected
in in situ experiments; in mouse/chick mode, only one wave is observed. Within our theory these
different modes arise from the phase difference between the arrest front and the posterior border:
the number of stripes of gene expression in the PSM is (φ(L)− φ(0))/2pi, see Figs. 5a,b,c. From
Eq. (11) in the Methods we find:
Number of stripes ≈ σ/L
vT/L
− 1
(eL/σ − 1)vT/L. (7)
This expression can be written as a function of only two dimensionless parameters: the ratio σ/L
between the decay length of the frequency profile and the system length and the ratio S/L = vT/L
between the segment length and the system length. The number of stripes is an increasing function
of the first of this ratios and a decreasing function of the second: smooth frequency profiles with
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FIG. 6: Wavelength of the pattern as a function of the position x in the PSM, where L is the length of the part of the PSM considered. a)
Schematic representation of the wavelength λ. b) Fit of Eq. (6) to the experimental data obtained from wildtype zebrafish in Ref. [19]. Best fit
parameters are µ = 1.08 and ν(1 + η) = 57.8. (µ, ν and η are dimensionless quantities defined in the Methods.)
long decay lengths and small segment lengths favor a large number of stripes of gene expression,
as in the zebrafish mode. Fig. 5d shows the dependence of the number of stripes with σ.
It is important to note that a switch between modes can be achieved while preserving the timing
of somitogenesis by changing the shape of the frequency profile: in Fig. 3c we show results of
simulations of a mouse mode in zebrafish with all parameters given as in Table I except for σ,
which is 6 cell diameters instead of 36, see also Supplementary Movie 4. This implies that the
number of stripes can change by changing the shape of the frequency profile while leaving the
global period and segment length unaffected. Previous hypotheses for the different modes include
changes in period, loss of stripe specific cyclic gene enhancers, or changes to the stability of cyclic
mRNA [49–51]. The delayed coupling theory indicates that changes to the frequency profile,
potentially through changes to FGF or Wnt signaling gradients in the PSM, different elongation
velocities, and different sizes of the PSM must be considered as well. This is consistent with recent
experiments reported in Ref. [26], where extra stripes of gene expression appear in a mutant with
an expanded PSM.
C. General properties of our theory
In current regulatory network models, the genetic oscillations in somitogenesis appear through
a Hopf bifurcation [52, 53]. However, it still remains unclear whether this bifurcation is subcrit-
ical, supercritical, or even of another type [54, 55]. Our phase equation, Eq. (1), can in principle
be derived from any of the dynamical systems associated to these regulatory networks following
standard procedures [40, 56, 57]. Hence our formulation represents a simplification that captures
general features and properties of more detailed models.
102
Only stable solutions can be biologically relevant. In addition, we hypothesize that unique
solutions are required to guarantee robust behavior in the developing embryo. This rule could help
to define the value of the time delay and intrinsic frequency obtained from future experiments.
However, the existence of multi-stability in some parameter ranges is expected as a general feature
of the delayed coupling theory.
D. Applications in somitogenesis and comparison to experiments
Key quantitative experiments in vertebrate segmentation include determination of segmentation
rates [38], and the analysis of expression patterns from in situ experiments [19] and fluorescent
reporter genes [7]. Our theoretical description allows for quantitative analysis of these experiments.
The comparison to experimentally observed dynamical patterns of gene expression permits
the determination of the model parameters, that for wildtype zebrafish are provided in Table I.
Future studies in mutant embryos or embryos treated with different inhibitors will reveal which
parameters are affected. The parameters in our model can be related to different cellular functions
such as molecular synthesis and trafficking in the cell (delay); the strength of intercellular signaling
(coupling); the speed of a cell autonomous oscillator (intrinsic frequency); changes in the signaling
gradients responsible for the frequency profile (σ); and changes in the position of the arrest front
(reflected by the system length L). Thus, analysis of experimental results using our theory can
provide a deeper understanding of how molecular changes lead to new phenotypes from the altered
collective dynamics of tissues.
Our framework can be extended to other developmental processes that combine growth with
a molecular clock. These are for instance fore-limb autopod outgrowth and patterning [58], or
segmentation in short germ band insects, spiders, centipedes, and other invertebrates that might
form segments by a mechanism similar to the one we described [59, 60].
E. Summary
The delayed coupling theory describes spatiotemporal patterns of gene expression during
morphogenesis in agreement with experimental observations. Most importantly, our theory pro-
poses a unified quantitative relation between the segmentation period and cyclic patterns of gene
expression in the PSM, on one hand, and the characteristics of intercellular communication, the
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shape of the signaling gradients in the PSM and the rate of axial growth, on the other. Our results
indicate that although the specific pattern of cyclic gene expression does not affect the overall
timing of somitogenesis, intercellular communication should be considered as a fundamental
mechanism in setting the collective frequency of the segmentation clock.
IV. METHODS
A. Continuum limit
Starting from Eq. (3) a continuum limit describing the evolution of the phase can systematically
be derived for any value of the time delay. This continuum limit is valid when the typical length
scale of the modulations of the pattern is much larger than the characteristic length scale of the
system, a. The limit is obtained by letting the distance a between oscillators tend to zero, while
the total number of oscillators N tends to infinite, in such a way that the length of the PSM,
L = Na, remains finite and constant. Besides, the coupling strength ε scales as a2 resulting in a
finite diffusive coupling  ≡ lima→0 ε/a2.
The description based on discrete oscillators with phase ϕj(t) at a distance aj from the arrest
front (where j is a discrete label) is substituted by a description defined in a continuous field
spanning from x = 0 to x = L, where x is a real positive value giving the distance to the arrest
front of a point of the field with phase ϕ(x, t). The resulting continuum equation reads:
ϕ˙(x, t) = ω¯(x) + v∇ϕ(x, t) + ¯
2
∇2ϕ(x, t), (8)
where v is the velocity of the arrest front, ω¯(x) is a position dependent effective frequency given
by
ω¯(x) = ω(x)
1 + 2pim/ωL
1 + τ
, (9)
and ¯ = (1 + 2pim/ωL)/(1 + τ) is the effective coupling strength. The effect of the time delay
appears through τ and m = [τωL/2pi], the nearest integer to τωL/2pi. In analogy with ωj in the
discrete case, the intrinsic frequency is defined as ω(x) = ω∞(1− e−x/σ). Note that for simplicity
we have assumed that the intrinsic coupling  is constant throughout the PSM (as we did with ε);
it is straightforward to include a positional dependence by substituting  by (x) in all the previous
expressions.
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We can simplify Eq. (8) using the steady state ansatz ϕ(x, t) = Ωt + φ(x) as we did in the
discrete case:
Ω = ω¯(x) + v∇φ(x, t) + ¯
2
∇2φ(x, t). (10)
The boundary conditions for Eq. (10) are ∇2φ(x, t)|x=0 = 0 and ∇φ(x, t)|x=L = 0. As in the
discrete case, we assume that the phase is defined and uniform in the tailbud, φ(x > L) = φ(L).
This implies that at x = L all the derivatives in Eq. (10) vanish and Ω = ω¯(L). In fact the
right hand side of Eq. (9) coincides with the expression for Ω obtained from solving Eq. (5) after
linearization around values of the delay τ = 2pim/ωL. In Fig 4a we show in red the dependence
of Ω = ω¯(L) with τ given by Eq. (9) for several values of m; note that almost the whole range of
stable solutions of Eq. (5) (solid blue) can be well approximated by the continuum limit (red).
Eq. (8) with ω¯(x) given by Eq. (9) is valid when τ ≈ 2pim/ωL for an integer m. A different
equation can be obtained in the cases where τ ≈ 2pi(m+1/2)/ωL: it corresponds to the continuum
approximation of the unstable solutions of Eq. (5) shown by the broken blue lines in Fig 4a.
Eq. (10) can be solved and the corresponding phase profile reads:
φ(ξ) = ν(1− η)−1 {(1− η2) (11)
−µξ [e−µ − ηe−µ/η]+ η2e−µξ/η − e−µξ}.
where we have defined the dimensionless coordinate ξ = x/L and parameters µ = L/σ, ν =
ω¯∞σ/v, and η = ¯/2σv; φ(0) has been set to φ(0) = 0 to fix an arbitrary constant. Fig. 5a shows
the shape of this phase profile.
The wavelength of the patterns of gene expression can be measured as a function of the relative
position ξ. In Ref. [19] this is done experimentally, using a definition of the wavelength λ that in
our notation reads as the condition φ(ξ + λ/2)− φ(ξ − λ/2) = 2pi. In the limit of small coupling
strength η  1, we obtain a simple relation between the local wavelength of the pattern λ and the
position ξ along the PSM given by the Eq. (6) of the main text.
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